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ABSTRACT 
The evaporative self-assembly of nonvolatile solutes such as polymers, nanocrystals, 
and carbon nanotubes has been widely recognized as a non-lithographic means of producing 
a diverse range of intriguing complex structures. Due to the spatial variation of evaporative 
flux and possible convection, however, these non-equilibrium dissipative structures (e.g., 
fingering patterns and polygonal network structures) are often irregularly and stochastically 
organized. Yet for many applications in microelectronics, data storage devices, and 
biotechnology, it is highly desirable to achieve surface patterns having a well-controlled 
spatial arrangement. To date, only a few elegant studies have centered on precise control over 
the evaporation process to produce ordered structures. In a remarked comparison with 
conventional lithography techniques, surface patterning by controlled solvent evaporation is 
simple and cost-effective, offering a lithography- and external field-free means to organize 
nonvolatile materials into ordered microscopic structures over large surface areas.  
The ability to engineer an evaporative self-assembly process that yields a wide range 
of complex, self-organizing structures over large areas offers tremendous potential for 
applications in electronics, optoelectronics, and bio- or chemical sensors. We developed a 
facile, robust tool for evaporating polymer, nanoparticle, or DNA solutions in curve-on-flat 
geometries to create versatile, highly regular microstructures, including hierarchically 
structured polymer blend rings, conjugated polymer “snake-skins”, block copolymer stripes, 
and punch-hole-like meshes, biomolecular microring arrays, etc. The mechanism of structure 
formation was elucidated both experimentally and theoretically. Our method further 
enhances current fabrication approaches to creating highly ordered structures in a simple and 
 vii 
 
cost-effective manner, envisioning the potential to be tailored for use in photonics, 
optoelectronics, microfluidic devices, nanotechnology and biotechnology, etc. 
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CHAPTER 1. GENERAL INTRODUCTION 
The self-made tapestry: pattern formation via self-assembly 
Self-assembly, as directly implied, is the self-made process of directing materials into 
surface patterns or structures in the absence of additional external forces. Self-assembly 
processes, commonplace phenomena throughout both nature and technology, deal with a 
wide range of materials systems from molecules or crystals to stars in the universe and 
involve noncovalent or weak covalent interactions, such as van der Waals force, electrostatic 
and hydrophobic interactions, and hydrogen and coordination bonds.1-3 Self-assembly serves 
a tool for fabricating highly ordered, often intriguing structures, which can be applicable for 
potential applications, e.g., optical and electronic devices. In general, self-assembly includes 
numerous processes, from the non-covalent association of organic molecules, colloids, and 
nanoparticles in solution to the growth of semiconducting quantum dots on solid substrates, 
making it an essential part of micro- and nanofabrication technology. With a precise focus on 
spontaneous structure or pattern formation, an intensive study of distinct components and 
systems is possible.4 In the self-assembling processes, the interaction among individual 
components is determined by characteristics of components such as shape, surface properties 
(i.e., hydrophilic or hydrophobic), charge (i.e., positive or negative), polarity, magnetic 
dipole moment, mass, solubility, etc.5  
The key to potential applications of self-assembly is the modification of the 
components and the improvement of their ability to being organized into desired structures. 
In the self-assembly of larger components (i.e., micro- or macroscopic materials), the 
additional external fields such as gravitational attraction, external magnetic or 
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electromagnetic field,6-7 capillary force and electric-field-induced capillary force,8-11 and 
entropic interactions12-13 can be selected or tailored for producing highly ordered, intriguing 
structures by improving interaction among the components. 
Bottom-up miniaturization via evaporative self-assembly 
Dynamic (i.e., energy-dissipative) self-assembly of the components by solvent 
depletion in a single droplet evaporation process has been recognized as an alternative to 
conventional lithography techniques.14-18 Theoretical and experimental approaches to 
evaporative self-assembly can be divided by two representative categories. One is 
“Marangoni-Bénard” convection cells,19-23 which are derived from the temperature gradient 
induced by fast solvent evaporation in a fluidic liquid, finally resulting in polygonal network 
structures. In this system, different evaporation rates between air/liquid and liquid/solid 
interfaces produce a Marangoni convection flow, which is an upward flow of lower warmer 
liquid by diffusion (Figure 1). 
 
Figure 1 Optical micrograph in a reflection mode of the polygonal network structure 
obtained by the radial deposition of nonvolatile solutes after the drop evaporates. 
Brighter regions: accumulation of particles to form a ridge-like structure, Darker 
regions: nearly free of particles.21 
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The other is the “coffee ring”, which was first reported by Deegan and co-workers 
based on the mass conservation of solutes upon solvent evaporation (Figure 2).24-26 
Nonvolatile solutes tend to be preferentially accumulated or jammed at the edge of the 
contact line where the evaporation rate is highest. The ring pattern thus forms when the 
contact line cannot move (i.e., pinning or “stick”) upon the complete evaporation of solvent. 
After the pinning process, the receding meniscus drags the solutes to the contact point to 
keep the substrate wet up to that point. Since the contact line is pinned, the radius of droplet 
cannot shrink due to this compensating flow from the central region to the edge. The main 
reason for the formation of ring-like deposits is because a liquid drop is likely pinned on a 
solid surface and has a circular shape to reduce the interfacial surface tension. A subset of the 
coffee ring phenomena is the formation of a set of concentric rings formed by repetitive 
“stick-slip” motion (i.e., pinning-depinning) of the three phase contact line.27-29 
 
Figure 2 Mechanism of outward flow during evaporation. Top view: the compensating 
flow needed to keep the contact line fixed. Bottom view: vapor leaves at a rate per unit 
area J(r). The removed liquid contracts the height h(r) vertically, vacating the vertically 
striped region in a short time.25 
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The radial deposition of nonvolatile solutes is not strongly dependent upon the 
inherent nature of the solutes as biopolymers,30-31 silica particles,32 latex particles,33 
nanoparticles,34 and polymers35 have been successfully deposited. Instead, the process 
requires the pinning motion of the contact line during the evaporation. The resulting 
structures are influenced by a wide range of parameters, including particle size, solute and 
surfactant concentration, ionic strength, and polydispersity (PDI) of the particle size. 
It is noteworthy that a sessile droplet slowly drying on a solid surface (i.e., unbound 
liquid) generally leads to the formation of stochastic, irregular ring-like deposits in terms of 
the height and the periodicity between the deposits due to the lack of control over the 
evaporation process and the temperature gradient-induced convection flow.36-38 To date, 
several techniques have emerged for the formation of highly periodic surface patterns 
obtained from the evaporation of unbound liquid.39-41 
Evaporative self-assembly in confined geometries 
In general, evaporative self-assembly of the polymer solution and subsequent 
dewetting of the polymer film creates energy-dissipative surface structures, which are 
governed by a wide range of parameters such as solvent evaporation flux, concentration, 
surface chemistry, temperature, humidity, etc. Therefore, to fully utilize evaporative self-
assembly as a simple tool for developing micro-to-nanometer scale structures for potential 
technological applications, the temperature gradient-induced convention flux should be 
minimized and simultaneously the capillary force-mediated evaporation should be delicately 
controlled.  
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Several elegant approaches have been successfully exploited to create polymer 
patterns by implementing tailor-made geometry to restrict the solution, i.e., two parallel 
sliding glass substrates,42 cylindrical tubes,43-44 and two crossed cylindrical mica plates.45 In 
the evaporating droplet containing nonvolatile solutes, the surface patterns induced by 
dewetting or fingering instability are formed at the edge of the meniscus. As mentioned 
beforehand, “stick-slip” motion (i.e., pinning-depinning process) at the evaporating edge 
plays a crucial role in the structure formation. The controlled, periodically repetitive “stick-
slip” motion of the receding meniscus can be achieved by introducing arbitrarily designed 
geometries, thereby leading to the formation of spatially ordered structures. 
Evaporative self-assembly in two parallel substrates  
Yabu and co-workers manipulated two parallel plates to controllably constrain the 
polymer solution.42 A narrow and thin film of polymer solution with a receding meniscus 
was continuously supplied from a small area between two glass plates (i.e., one sliding-the 
other fixed or both sliding). Subsequently, intriguing polymer patterns (e.g., dots, lines, and 
ladder-like structures shown in Figure 3(A-C)) were formed on the stationary substrate at the 
drying edge. The dimensional features of the resulting surface patterns were highly 
reproducible and controlled by changing experimental parameters such as sliding speed and 
polymer concentration. The evaporation rate of the solution confined between two parallel 
plates strongly depended on the sliding speed and solution concentration. Higher sliding 
speed and lower concentration lead to slower evaporation rate, whereas slower sliding speed 
and higher concentration resulted in relatively faster evaporation.42 
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Figure 3 Optical (top panels) and atomic force microscopy images (bottom panels) of 
resulting polymer patterns obtained from polystyrene toluene solutions at different 
concentration, c. (A) dot array: c = 0.1 gL-1, (B) stripes: c = 0.5 gL-1, and (C) ladder 
shape: c = 4.0 gL-1.42 
Evaporative self-assembly in a cylindrical tube  
Stone and coworkers reported that colloidal crystallization could be successfully 
produced in a cylindrical configuration (Figure 4).43 They applied a cylindrical tube to induce 
a capillary force, which was dictated by the radius of curvature that was at least an order of 
magnitude smaller than the capillary length. The capillary tube-induced confinement created 
a fluidic column in which the height depended on the local contact angle, thereby resulting in 
a changed quantity of colloidal crystallization at the contact line. The pattern formation was 
governed by the constant radius of curvature of meniscus throughout the entire evaporation 
process. This is sharply in contrast with the case of the unbound droplet on a single surface in 
which the typical radius of curvature decreased as the volume of the droplet reduced during 
the evaporation process. Distinctive features of the colloidal crystalline structures observed in 
this study were the band width and the periodic spacing along the capillary, both of which 
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increased with increased concentration of the confined colloidal fluid or with decreased time 
for a given initial concentration (Figure 5).43 
 
Figure 4 Left: Experimental setup: a glass capillary of 400 µm diameter was maintained 
vertically in an open glass bottle containing a solution of ethanol and polystyrene 
particles (0.5 µm in diameter). Right: geometrical and physical parameters depicting 
the force balance in the neighborhood of the meniscus: ρ is the density and γ is the 
surface tension.43 
 
Figure 5 (A) Ring patterns observed along three capillaries for three different 
concentrations of particles. The black lines represent particle deposits, and the solid 
arrows indicate the decrease of the band width and spacing with time and as the initial 
concentration increases. Each picture was produced by assembling successive 
microscope images of portions of the capillary. (B) SEM images of a resulting band 
structure in the capillary (0.2 wt % particles). (a) A close-up of the middle of a band, 
which was flat, inclined relative to the substrate, and contained close-packed crystalline 
structures. (b) One band with the drying direction indicated. (c) and (d) The smooth 
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structure at the beginning of the band (c) and at the end (d). (e) Schematic of the typical 
succession of the hexagonal close-packed regions separated by the buckled phases.43 
Evaporative self-assembly in crossed cylindrical surfaces  
Lin et al reported that the “synthesis” of patterns of high fidelity and regularity was 
possible by the use of a restricted geometry comprising two crossed cylinders covered with 
freshly cleaved single crystals of mica.45 As seen in Figure 6, a capillary bridge forms with 
highest evaporation rate at the extremity, due to the exposed solution, leading to periodically 
repetitive pinning-depinning cycle of the contact line. The contact line of the meniscus 
moves toward the center of the mica/mica contact with elapsed time. By using this simple yet 
novel approach, hundreds of concentric rings with definite spacing (i.e., λC-C) were self-
organized, as shown in Figure 7. The magnitudes of the distance between adjacent stripes (λC-
C) and the heights of rings (h) decreased as a function of distance away from the mica/mica 
contact center. By manipulating the cylindrical surfaces, the evaporation process of the 
confined solution was delicately tuned, resulting in highly ordered concentric surface 
patterns. 
 
Figure 6 (a) Schematic of a droplet containing nonvolatile solutes is placed in a confined 
geometry composed of two crossed cylinders covered with freshly cleaved mica sheets. 
(b) Schematic illustration of a capillary bridge held between the crossed cylinders, in 
which the highest evaporation rate is at the extremity of the capillary bridge.45 
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Figure 7 (A) Optical micrograph (OM) and atomic force microscope (AFM) images 
(insets) of gradient concentric rings formed by deposition of poly[2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) in two crossed cylinders. Scale bar 
is 50 µm (OM image) and 100 µm (AFM images). Comparing positions 1 and 2 (the 
former is positioned further from the center of the cylinder/ cylinder contact, see Figure 
1-6(b)), λC-C and h gradually decreased. (B) Quantification of measurements in (A). λC-C 
(●) and h (o) are plotted as a function of relative distance (∆x), where ∆x is defined as 
radial distance relative to the cylinder/cylinder contact center.45 
Evaporative self-assembly in a curve-on-flat geometry 
As mentioned in previous sections, rationally designed, confined solutions can yield 
highly ordered, complex structures at the micro-to-nanometer range in a simple and cost-
effective manner. However, drawbacks still exist in terms of narrow deposition area, fine 
control over the film thickness, and multi-step preparation procedures in these three 
approaches. To circumvent these limitations, a restricted geometry was recently introduced to 
control the evaporation process, producing well-defined micro- or sub-microscopic structures 
over large surface areas in one step.  
Restricted geometry set-up  
A spherical lens (radius of curvature, R = 1.65 cm; diameter, D = 1.0 cm) made from 
fused silica and a silicon substrate were used to construct the sphere-on-flat geometry as 
  
shown in Figure 8.46 The spherical lens and Si substrate were firmly fixed at the top and 
bottom of sample holders, res
between a sphere and a Si, an inch
applied to position the upper sphere into contact with the lower stationary Si surface. Before 
contact (i.e., separated by approximately a few hundred micrometers), a drop of solution 
containing nonvolatile solutes was loaded and trapped by the capillary bridge, after which the 
sphere was brought into contact. The sealed chamber was used for minimizing po
external influences, viz. humidity effect and air convection
The time for complete evaporation varied with the solvent used and the volume of a given 
droplet. 
Figure 8 Schematic (a) and cross
nonvolatile solutes placed in a sphere
Gradient concentric ring formation 
This capillary-held solution yielded gradient concentric patterns of high 
and fidelity. As a nonvolatile solute, a conjugated polymer, poly
ethylhexyloxy)-1,4-phenylenevinylene] (MEH
numerous potential applications such as light emitting diodes (LEDs), photovoltaic cells 
10 
pectively, inside a sealed chamber. To precisely control the gap 
-worm motor with a step motion of a few micrometers was 
-induced temperature gradient. 
-section (b) of a capillary-held solution containing 
-on-flat geometry. X: distance from the 
sphere/substrate contact center.46 
 
 [2
-PPV), was selected,47 motivated by its 
ssible 
 
regularity 
-methoxy-5-(2-
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(PVCs), thin-film transistors (TFTs), and bio-sensors.48 In the sphere-on-flat geometry, the 
highest evaporation occurs at the perimeter of the pinned contact line as shown in Figure 9.  
 
Figure 9 (a) Left: Schematic cross section of a capillary-held solution containing 
nonvolatile solute placed in a sphere-on-flat configuration. X1, X, X0 are the radii of 
outermost, intermediate, and innermost rings from the center of sphere/flat contact, 
respectively. Right: The close-up of the capillary edge marked in the left panel. (b) Left: 
The digital image of entire gradient concentric ring patterns formed by the radial 
deposition of the solute in the geometry in (a). Right: a small zone of the fluorescent 
image of MEH-PPV ring patterns is shown; scale bar = 200 µm. As the solution front 
moves inward, rings become smaller and the height decreases as illustrated in lower left 
schematic.47 
Based on in situ OM investigation, it was evident that the contact line of the confined 
microdrop moved toward the sphere/Si contact center with a periodic “stick-slip” motion 
with elapsed time. The slowly drying solution front (i.e., liquid/vapor interface) was arrested 
at the sphere and Si surfaces during the ring-like deposition of MEH-PPV. The jumping 
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distance of the meniscus decreased slowly with increasing proximity to the sphere/Si contact 
center. After evaporation was complete, the formation of highly ordered gradient concentric 
rings was confirmed by close examination by OM and AFM. The resulting structures 
appeared in a gradient fashion in terms of the center-to-center distance, λC-C, and the ring 
height, hd (Figure 9(b)). 
As shown in Figure 10, the solution concentration and the solvent properties were 
found to exert profound influence on λC-C and hd of the resulting rings. As the solution 
concentration, c, decreased from 0.075 to 0.05 mg/ml, both λC-C and hd were correspondingly 
reduced. Two representative 3D AFM height images and corresponding profiles, obtained 
from the 0.075 mg/ml solution, are shown in Figure 10(a) and (b) as insets, respectively. 
 
Figure 10 Concentration effect: (a) λC-C and (b) hd plotted as a function of X at different 
concentrations (solid and open circles are data from toluene solutions at c = 0.075 and 
0.05 mg/ml, respectively). X is the distance away from the center of sphere/Si contact. 
Two representative 3D AFM topographical images (image size = 50 × 50 µm2) and the 
corresponding cross sections obtained from the 0.075 mg/ml solution are given as insets 
in (a) and (b), respectively.47 
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Theoretical model 
The key reason that gradient concentric ring structures form in the sphere-on-flat 
geometry instead of uniform ring-like deposits is due to the nonlinear volume loss of the 
solvent and the curved upper sphere used. The amount of volume loss of the solvent, ∆, is 
governed by the competition between the pinning force and capillary force. The pinning 
force for the radial deposition is proportional to the total length of the contact line, which 
approximately corresponds to 2, as described in Figure 9. The pinning force decreases 
linearly in the course of the “stick-slip” motion of the contact line due to decreasing radius, 
. However, the capillary force,   16arctan4/ is nonlinear, where  is the 
surface tension of the solvent, and  and  are the height of meniscus and the radius of 
curvature of the sphere, respectively (Figure 9(a), right panel). An imbalance between linear 
pinning force and nonlinear capillary force results in a nonlinear ∆. Therefore, the resulting 
patterns become gradient rather than strictly repetitive. To quantitatively the formation of 
concentric rings, a theoretical calculation based on the mass conservation was performed. As 
toluene evaporates, MEH-PPV jams at the edge of the contact line (i.e., “stick”). The 
jamming (i.e., ring-like deposition) creates local surface roughness at the sphere and Si 
surfaces.49 During the deposition process, the initial contact angle, , gradually decreases to 
a critical value,  (Figure 9(a), right panel) due to the evaporative volume loss of toluene, 
∆, at which the capillary force becomes larger than the pinning force.24,26,37,50-51 This change 
leads to the depinning of the solution meniscus (i.e., “slip”) to a new position. The ∆ during 
the formation of MEH-PPV rings is given by,  
∆     arctan  2 ! " arctan  2 !# $  " %                                                    1 
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, where  is the surface separation at the liquid-vapor interface of the solution, and  and  
are the height of meniscus at contact angle  and , respectively. The relation of  and  
can be established based on the geometry of the capillary edge defined in Figure 9(a): 
 2 " &!
 $ ' "  $ (   '                                                                                                    2 
 ) tan   *+&+(,-./ )  " 2                                                                                                                         3 
, where '  is the curvature radius of the capillary edge  ) 2', & is the local thickness 
of the capillary edge at position (, and  ) /2. The volume of confined solution, 1  (i.e., 
light gray area in Figure 9(a)), is defined by, 
1   "  " arctan 2 $ 2 "                                                          4 
, and   
1234  1 " ∆                                                                                                                                    5 
The initial loading volume 1 and initial  (i.e., 6) are known from the experiment, 
thus the initial contact angle  is ~ 18°, calculated from Eqs. (3) and (4), agreeing well with 
the value measured experimentally. From Eqs. (1) and (3)-(5), the new position 234, at 
which a contact line is arrested, can be identified by iterative calculation until a best fit 
(curved lines in Figure 10(a)) with experimental data (open and solid symbols in Figure 
10(a)) is reached. Therefore, λC-C can be obtained. In the lubrication approximation, the 
evolution equation of the local thickness of the capillary edge after considering the 
evaporation process can be given as follows26,50,52 
7 8&89  "7 1( 88( (&: " ;                                                                                                                   6 
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where 7 is the density of the solvent (7 ≈ 1), and ; is the mass of solvent evaporating per unit 
area unit time and assumed to be a constant. The average velocity of the solute moving 
toward the capillary edge to pin the contact line can be obtained by integrating Eq. (6): 
:(, 9  =" (27& ; $ 1&7( >4;arctan
2 ?  $ 43 $ 4 @A                                                           7 
where @  CDEFGHDIJKIDH, L  ( " 11 " 10 "  $ 8( $ ( $ 2(, and 
O   " 4G " ( $ ( " arctan P √HDI√JKIDHR. 
When the time 9  (/: is smaller than the pinning time, 9S, the solute is allowed to 
transport, deposit, and form a ring at the contact line with a height, &T (assuming that the 
cross section of the ring is a cylindrical ridge in one dimension), which can be calculated by, 
&T   T3SUVW2X " cos X sin X#
6 1 " cos X                                                                                                    8 
where X is the angle between the ring and the Si substrate (X ≈ 0.5° estimated from the AFM 
image). 8\]^_`9 is the volume of deposits formed during the pinning time and calculated by, 
T3SUVW  a7T b 2&8(
I
/                                                                                                                     9 
where a is the solution concentration, 7T is the density of the deposited solute (7T ≈ 1). The 
solid line plotted in Figure 10 indicates the calculated values of λC-C and &T based on the 
mass conservation discussed above, yielding  of 15.6° and 16.1° for MEH-PPV solutions at 
a = 0.075 mg/mL and 0.05 mg/mL, respectively with good agreement clearly evident 
between the experimental data and theoretical fits. The pinning force is directly related to the 
surface roughness: an increase in &T during MEH-PPV deposition (i.e., increase in surface 
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roughness) results in a decrease in  (i.e., increase in pinning force).26,49-51 A smaller  
implies a longer pinning time, 9S, which in turn causes a greater volume loss ∆ during 
pinning. As a result, it leads to a larger drag of the contact line to reach initial contact angle 
 at a new position. Thus, a larger λC-C was observed at a = 0.075 mg/mL as shown in Figure 
10(a). 
Parameters tailored 
In addition to the Concentration Effect as discussed above, a number of other 
parameters can be delicately tailored to provide detailed insight into the ordered structure 
formation.  
Molecular weight (MW) effect: When the MW of polymers is low, the viscosity of the 
solution front is so low that no contact line will be pinned, leading to the rupture of a liquid-
like thin film (i.e., dewetting) and, eventually, the formation of stochastic structures.53  
Solvent effect: Slow solvent evaporation suppresses instabilities, thereby leading to regular 
patterns.47 Rapid evaporation increases the convective force due to evaporative cooling, 
thereby forming convection cells, fractal branches, fingering instabilities, etc.20-21,23,35,54-57  
Curvature effect: The curvature of the upper surface can be changed. A smaller curvature 
may result in finer features, e.g., gradient concentric rings with smaller λC-C.53 
Humidity effect: Wet airflow can be introduced into the transparent chamber. One 
anticipates the condensation of micron-size water droplets on individual surface patterns in a 
way that resembles the formation of “Breath Figures”.58-64  
Surface chemistry effect: The surface hydrophobicity of the sphere-on-flat geometry, which 
is related to the interfacial interactions between solutes and substrates, will predictably 
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govern structure formation. The surfaces of spherical lens and Si are hydrophilic.65 Studies 
can also be performed on a droplet of solution confined between adjoining hydrophobic and 
hydrophilic surfaces (i.e., a Janus Interface).66 To accomplish this, a self-assembled 
monolayer of siloxane is deposited to render one surface hydrophobic while keeping the 
other surface hydrophilic.  
External perturbation: a. Vertical pumping (i.e., Hydrodynamic Drainage67-70): Pumping is 
achieved by periodically moving the upper surface at proper amplitude and frequency while 
keeping the lower Si surface stationary, thereby squeezing fluid out of (or into) the 
intervening gap. Pumping generates a symmetric flow that may direct structure formation 
radially, which is analogous to the dynamic combing of DNA.71-75 b. Lateral shearing:76-79 
Unidirectional oscillatory or simple shear at proper amplitude and frequency can be applied, 
which may either perturb or impart structure formation by modifying the unidirectional flow. 
Temperature effect: Heating the lower Si substrate while keeping the upper surface cool will 
impose a temperature gradient, ∆T. The magnitude of ∆T can be varied. The ∆T-induced 
Marangoni-Bénard convection20-21,23,35,54-57,80 is expected to affect controlled solvent 
evaporation in the sphere-on-flat geometry, thereby forming intriguing structures. 
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CHAPTER 2. SELF-ASSEMBLING SEMICRYSTALLINE POLYMER 
INTO HIGHLY ORDERED, MICROSCOPIC CONCENTRIC RINGS BY 
EVAPORATION 
Modified from a paper published in Langmuir 24, 3525 (2008) 
Myunghwan Byun, Suck Won Hong, Lei Zhu, and Zhiqun Lin 
Abstract 
A drop of semicrystalline polymer, poly (ethylene oxide) (PEO) solution was placed 
in a restricted geometry consisting of a sphere on a flat substrate (i.e., sphere-on-flat 
geometry). Upon solvent evaporation from the sphere-on-flat geometry, microscopic 
concentric rings of PEO with appropriate high molecular weight were produced via 
controlled, repetitive pinning (“stick”) and depinning (“slip”) cycles of the contact line. The 
evaporation-induced concentric rings of PEO exhibited a fibril-like surface morphology. 
Subsequent isothermal crystallization of rings at 40 °C and 58 °C led to the formation of 
multilayer of flat-on lamellae (i.e., spiral morphology). In between adjacent spirals, depletion 
zones were developed during crystallization, as revealed by AFM measurements. The present 
highly ordered, concentric PEO rings may serve as a platform to study cell adhesion and 
motility, neuron guidance, cell mechano-transduction, and other biological processes. 
Introduction 
Drying droplets containing nonvolatile solutes (polymers, nanoparticles, single walled 
carbon nanotubes, etc.) on a solid surface have been utilized to yield self-assembled, 
dissipative structures. These structures, including polygonal network structures (Bénard 
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Cells),1-4 fingering instabilities,5, 6 concentric “coffee rings”7-9 are, in general, irregular and 
far from equilibrium.10 Maximum evaporative loss of solvent at the edge of droplet triggers 
the accumulation of solutes and creates a local roughness, thus, the solutes transport to the 
edge and pin the contact line (i.e., “stick”), thereby forming a “coffee ring”.7-9  The droplet 
then jerks (i.e., “slip”) to a new position and a new “coffee ring” is deposited. The pinning 
and depinning processes alternate as solvent evaporates and, ultimately, lead to the formation 
of concentric “coffee rings” that are governed by the competition between the capillary force 
and the pinning force. However, since the evaporation process is usually not controlled, 
stochastic concentric “coffee rings” are formed.7-9 Therefore, to utilize evaporation as a 
simple route to producing intriguing, well ordered structures, it is essential to control the 
evaporation flux, the solution concentration, the interfacial interaction between the solute and 
substrate, etc.  
We have previously demonstrated that constrained evaporation (i.e., drying in a 
confined geometry to provide control over the solvent evaporation and associated capillary 
flow) can be utilized to produce concentric rings of amorphous polymers and nanoparticles 
of high regularity over a large area in one step.11-19 A drop of amorphous polymer or 
nanoparticle solutions was confined either between two crossed cylinders covered with single 
crystals of mica sheets11 or between a spherical lens and a Si substrate (i.e., sphere-on-flat 
geometry), forming a capillary-held solution (i.e., capillary edge).12-18 Experiments were 
performed inside a home-made chamber so that the evaporation rate of solvent was 
controlled and temperature gradient was eliminated. The evaporation in the sphere-on-flat 
geometry was restricted to the edge of droplet, the controlled, repeated “stick-slip” motion 
resulted in hundreds of concentric rings with regular spacing.12-19 
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Semicrystalline polymers, when cooled from the melt, can organize into microscopic 
crystalline structures (e.g., spherulites; they are optically anisotropic objects). Spherulites 
composed of splaying and branching thin lamellae with thickness on the order of 10 nm are 
often produced in thick films (h > 1 µm),20 where the crystallizable phase possesses a 
sufficient diffusivity, and thus an edge-on orientation is favorable (i.e., crystalline lamellae 
are perpendicular to the substrate).21, 22 Spiral structures, on the other hand, can be readily 
created in thinner films (h < 300 nm), where the molecular mobility is reduced, and a flat-on 
orientation is dominated (i.e., crystalline lamellae are parallel to the substrate).21, 22, 28, 29 
Recently, polymer crystallization has been exploited to develop crystallization-enabled 
nanotechnology.23, 24 It is of considerable interest to study polymer crystallization confined at 
the micro- or nanoscale, including in ultrathin films,25-32 semicrystalline/amorphous polymer 
blends,33 dewetting of semicrystalline polymer solutions,34-37 and semicrystalline block 
copolymers.38-40 Furthermore, the use of microscopic and/or nanoscopic patterned surfaces 
made it possible to examine the effects of confinement on the primary nucleation, crystal 
morphologies, crystal growth rates, and crystal orientations of semicrystalline polymers.41-43  
In this paper, we extend the nonvolatile solute to semincrystalline polymer, i.e., poly 
(ethylene oxide) (PEO). The choice of PEO was motivated by its widely known 
crystallization and melting behavior, low melting temperature, and simple chain 
conformation. We demonstrate that dynamic self-assembly of semicrystalline polymers in 
sphere-on-flat geometry allowed the formation of periodically ordered concentric rings, 
which was dependent on the molecular weight of PEO and the solution concentration. The 
rings were micrometers wide and a few hundred nanometers high. Subsequent isothermal 
crystallization of PEO concentric rings at the elevated temperatures (i.e., 40 °C and 58 °C) 
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transformed the originally formed fibril-like morphology at room temperature into spiral 
morphology within a ring. In between adjacent spirals, depletion zones were developed 
during crystallization, as revealed by AFM measurements. 
Experimental Section 
Materials. Two PEOs with different molecular weight (MW) (Sigma-Aldrich) were used in 
the studies. The viscosity average molecular weights, Mv, were 100 kg/mol and 600 kg/mol, 
and denoted PEO-100K and PEO-600K, respectively. These two PEOs were dissolved in 
acetonitrile to prepare the PEO acetonitrile solutions at different concentrations (c = 0.5 and 
1.0 mg/ml). Subsequently, the resulting solutions were purified with 0.2 µm hydrophilic 
membrane filters.  
Sample Preparation. To construct a restricted geometry, a spherical lens and a Si wafer were 
used. The spherical lens made from fused silica with a radius of curvature, R ~ 1.65 cm, and 
Si substrate with [111] crystallographic orientation were cleaned by a mixture of sulfuric acid 
and Nonchromix. Subsequently, they were rinsed with DI water and blow-dried with N2. The 
sphere and Si were firmly fixed at the top and bottom of sample holders inside a sealed 
chamber, respectively. To implement a restricted geometry, an inchworm motor with a step 
motion of a few micrometers was used to place the upper sphere into contact with the lower 
stationary Si surface. Before they contacted (i.e., separated by approximately a few hundred 
micrometers apart), a drop of ~ 23 µL PEO acetonitrile solutions were loaded and trapped 
within the gap between the sphere and Si due to the capillary force. The sphere was finally 
brought into contact with Si substrate by the inchworm motor such that a capillary-held PEO 
solution formed with evaporation rate highest at the extremity (Figure 11). The use of a 
  
sealed chamber eliminated the possible external influences such as the humidity in an open 
space and air convection. 
Figure 11 (a) Three dimensional illustration of a drop of semicrystalline polymer (i.e., 
PEO) acetonitrile solution trapped 
on-flat geometry). (b) Cross section of the 
of curvature of the upper sphere is 
controlled, repetitive “stick
from the sphere/Si contact center is 
ring formed at intermediate region (i.e., 
The evaporation took about half an hour to complete. Afterward, the sphere and Si 
were separated. The structur
produced on both the sphere and Si surfaces. Due to the curving effect of the sphere, only the 
patterns formed on Si were evaluated by the optical microscope (OM; 
reflection mode) and the atomic force microscopy
microscope in the tapping mode (Digital Instruments)). BS
spring constants ranging from 20 to 75
samples on Si substrates were transferred into a vacuum oven and kept for 12 h at room 
temperature to remove residual solvent from the patterns. The samples were then placed on 
the heat stage for isothermal annealing at certain temperature, as detailed in the
The samples were heated up to 80 °C and held at that temperature for 30 min to ensure 
30 
between a sphere and a Si substrate (i.e., a sphere
capillary-held PEO solution in (a). The radius 
R ( ~ 1.65 cm) The concentric rings were formed by 
-slip” motion of the contact line. The distance of rings away 
X. (a) ring formed at outermost region (i.e., 
X2), and (c) ring formed at innermost region 
(i.e., X3). 
es (e.g., concentric “coffee rings” composed of PEO) were 
Olympus BX51 in the 
 (AFM; Dimension 3100 scanning force 
-tap300 tips (Budget Sensors) 
 N/m were used as scanning probes. Subsequently, a
 
-
X1), (b) 
with 
ll 
 following. 
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complete melting of PEO crystals. Subsequently, the melted PEO patterns were rapidly 
cooled to 40 °C and 58 °C (below melting temperature, Tm = 65 °C), corresponding to high 
and low degree of super-cooling, respectively, and allowed to isothermally crystallized at 
these temperatures for two days. Finally, the samples were quenched to room temperature 
and examined by OM and AFM to evaluate the effect of crystallization temperature on the 
surface morphology of the concentric PEO rings. 
Results and Discussion 
Formation of concentric “Coffee Rings” composed of PEO. Semicrystalline polymer, PEO 
was chosen as the nonvolatile solute due to its widely known crystallization and melting 
behavior, low melting temperature, and simple chain conformation. Figure 12 shows typical 
optical micrographs of PEO formed by drying the PEO acetonitrile solutions with different 
MW of PEO (PEO-100K and PEO-600K) and different solution concentrations (c = 0.5 and 
1.0 mg/ml for both PEO-100K and PEO-600K) from a sphere-on-flat geometry (i.e., from a 
bound solution as shown in Figure 11). When high MW PEO was used (i.e., PEO-600K), 
microscopic concentric rings of PS-600K were obtained (Figure 12(a) and 12(b)). It should 
be noted that only a small zone of the entire concentric ring pattern is shown in these images. 
The formation of concentric rings was resulted from controlled “stick-slip” cycles of the 
contact line, that is, the competition between the pinning force (“stick”) and depinning force 
(“slip”) toward the sphere/Si contact center with elapsed time as discussed in our previous 
work.12, 13, 16-18 The Marangoni flow was suppressed in the sphere-on-flat geometry.44, 45 The 
solution front was arrested at the capillary edge as acetonitrile evaporated (Figure 11). The 
local viscosity of the contact line was then increased with time. This led to the solidification 
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of a PEO-600K ring before the solution front jumped to the next position, where it was 
arrested again. Moreover, PEO is a hydrophilic molecule. The interfacial interaction between 
PEO and hydrophilic Si substrate is energetically favorable, thereby promoting the 
adsorption of PEO at the contact line. Taken together, distinct PEO rings were resulted in, 
and no PEO-600K was deposited between the rings (Figure 12(a); c = 0.5 mg/ml). The 
center-to-center distance between adjacent rings, λC-C and the height of ring, h are 50 µm and 
100 nm, respectively (Figure 12(a)). It is worth noting that the microscopic concentric rings 
composed of semicrystalline polymers with well-defined lateral dimension can be readily 
produced by the evaporation-induced self-assembly in sphere-on-flat geometry, which 
dispenses with the need for lithography and external fields. This is in contrast with the 
micropatterning of semicrystalline polymer solution46 or polymer melt,47, 48 in which micro- 
or nanomold (e.g., PDMS mold prepared by soft lithography46) was used to pattern 
semicrystalline polymers. 
In comparison to periodic concentric rings formed in sphere-on-flat geometry (Figure 
12(a)), highly irregular concentric rings were produced (data not shown) by allowing a drop 
of PEO solution to evaporate from a single surface (i.e., on a Si substrate, thereby forming an 
unbound droplet). The use of sphere-on-flat geometry in a sealed chamber eliminated the 
hydrodynamic instabilities and convection over the course of solvent evaporation (i.e., 
suppressing the Marangoni flow), thereby facilitating the formation of ordered structures.12, 
13, 16-18
 In marked contrast with the distinct concentric rings observed at c = 0.5 mg/ml 
(Figure 12(a)), self-assembly of semicrystalline PEO from c = 1.0 mg/ml solution showed a 
connectivity between the adjacent concentric rings through the underlying continuous film 
  
(Figure 12(b)). The impingement of crystals is clearly evident, represented as interconnected 
curves superimposed on the blue backgroun
Figure 12 Optical micrographs of 
(i.e., X2) from PEO-600K acetonitrile solution at (a) 
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respectively. The arrow indicates the movement of solution front toward the center of the 
sphere/Si contact. Scale bar = 70 µm
Comparison of the o
different MW revealed that MW has a marked effect on the ring pattern formation. In the 
case of low MW PEO (PEO
patterns superimposed on a c
the depinning force (i.e., capillary force) was not strong enough to cause the three
contact line to jump to a new position inward.
force exerted by the deposition of PEO
33 
d of concentric rings (Figure 12(b
PEO concentric ring patterns formed at intermediate region 
c = 0.5 mg/ml, (b) c = 1.0 mg/ml, 
100K acetonitrile solution at (c) c = 0.5 mg/ml, (d) 
. 
ptical micrographs of PEO surface morphologies obtained at 
-100K) used at both c = 0.5 mg/ml and 1.0 mg/ml,
ontinuous film were yielded. These observations suggested that 
13
 It cannot completely overcome the pinning 
-100K. Thus, a rather continuous film of PEO
)). 
 
c = 1.0 mg/ml, 
 ringlike 
-phase 
-100K 
 34 
 
was formed. It is noteworthy that, as a model system for studying polymer crystallization, 
low MW PEO with MW in the range of 1000 ~ 10,000 has been widely utilized for several 
decades.49, 50 Although the use of low MW PEO generally produces pretty crystals (e.g., 
square-shaped crystals and finger-like crystals), in the present study no clear concentric rings 
were produced when it was used as the nonvolatile solute (i.e., MW < 100 K).  
To explore the details of polymer crystals within microscopic rings, AFM 
measurements were performed only on the PEO-600K rings obtained from dynamic self-
assembly of the 0.5 mg/ml PEO-600K acetonitrile solution (Figure 12(a)). Locally, the rings 
appeared as parallel stripes. As the solution front moved toward the sphere/Si contact center 
due to evaporative loss of acetonitrile, the center-to-center distance between adjacent PEO-
600K rings, λC-C and the height of ring, h decreased progressively from λC-C = 50.31 µm and 
h = 100.27 nm at X1 (Figure 13(a)) to λC-C  = 37.03 µm and h = 76.40 nm at X2 (Figure 13(c)) 
to λC-C  = 33.29 µm and h = 71.24 nm at X3 (Figure 13(e)), where X is the distance away from 
the sphere/Si contact center, as depicted in Figure 11. So it is clear that concentric PEO-600K 
rings were gradient in spacing and height. The measurements revealed the formation of fibril-
like crystals (Figure 13). This contrasts with featureless surface morphology within the ring 
when amorphous polymers were used.13-17 The evaporative loss of acetonitrile at the capillary 
edge triggered the accumulation of PEO and generated a local roughness to pin the contact 
line, during which PEO crystallization took place. However, due to relatively quick solvent 
evaporation (the boiling point of acetonitrile is 81.6 °C), the PEO crystals were trapped in the 
meta-stable state, leading to the formation of PEO fibrils inside the ring (Figure 13). Notably, 
PEO fibrils were oriented, to some extent, along the rings (i.e., parallel to the edge of rings) 
(Figure 13(b), (d), and (f)). 
  
Figure 13 AFM images (height images: a, c, and e; phase images: b, d, f) of concentric 
rings produced from the drying
acetonitrile solution at room temperature. As solution front progressed toward the 
sphere/Si contact center, the center to center distance between adjacent rings, 
reduced. (a-b) outermost region (i.e., 
innermost region (i.e., 
Morphological changes of crystallized PEO in the ring patterns.
°C and 58 °C were performed only on PEO
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 Figure 14 Optical micrographs of concentric PEO-600K rings (a) before (i.e., at room 
temperature) and (b-c) after isothermal crystallization at 58 °C. The PEO rings were 
formed from the 0.5 mg/ml PEO-600K acetonitrile solution. Optical micrographs of (a) 
and (c) are the close-ups of the black boxes in Figure 12(a) and Figure 14(b), 
respectively. Scale bar = 70 µm. 
In particular, AFM measurements revealed that the crystalline fibrils tuned into 
multilayer of crystals (i.e., forming spiral structures), presumably formed via screw 
dislocation, when isothermally crystallized from the molten state to 40 °C and 58 °C, as 
evidenced in Figure 15. Within a spiral, the lamellar crystals were oriented parallel to the 
substrate (Figure 15), which is more thermodynamically stable.49 This flat-on lamellar 
orientation was due to annealing-induced film thickness reduction. It is well-known that 
crystallization in thicker film often exhibits a spherulitic morphology, consisting of lamellae 
grow radially from a nucleation center.47 As film thickness decreases, a transition to spiral 
structures are often resulted in due to restricted chain mobility.26, 30, 31 In the present study, 
the average width, w and height, h of originally formed rings were 26.25 µm and 100.27 nm 
respectively (Figure 14(a)). After annealing, the values changed to 28.48 µm and 67.67 nm, 
respectively (Figure 14(b)-(c) and Figure 15(a)-(c)), thus facilitating the spiral structure 
formation. 
  
Figure 15 Surface morphologies of PEO crystals in a microscopic PEO
AFM height and phase images of spiral structures of PEO crystals after isothermal 
annealing at 58 °C. The section analysis of PEO crystal is shown in (c). (d
height and phase images of spiral structures of PEO crystals after isothermal annealing 
at 40 °C. The section analysis of PEO crystal is shown in (f). The image size is 20 × 20 
The morphology of isothermally crystallized PEO
ring showed difference in the density of nucleation sites. 
which makes it difficult to grow into bigger crystals, the size of spiral structures (Figure 
was small as compared to the crystals formed from low MW counterparts.
are randomly dispersed within the microscopic rings. This is due to the fact that the 
nucleation number and sites were hard to control in polymer crystallization, and the width of 
microscopic ring was large, thereby imposing no confinement effect 
the crystallization of polymer thin film insufficient transport of crystallizable molecules, in 
general, leads to the formation of depletion zones at the crystal front.
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In the present study the depletion zones, as marked in Figure 15, were caused by the 
diffusion of PEO chains to the fold surfaces of the flat-on lamellae and the specific volume 
decrements between the melt and crystals.51  The number of nucleation sites at 40 °C were 
more than that at 58 °C, which in turn resulted in more depletion zones (Figure 15(d)-(e)). 
High super-cooling (i.e., low crystallization temperature at 40 °C) tended to activate the 
nucleation rate and retarded the chain diffusion rate, eventually giving rising to a 
considerable number of the depletion zones. In contrast, low super-cooling (i.e., high 
crystallization temperature at 58 °C) promoted a higher diffusion rate and thus formed 
relatively fewer nucleation sites. The root mean square (RMS) surface roughness of PEO 
crystals obtained from isothermal annealing at 40 °C and 58 °C were 22.25 nm and 16.06 
nm, respectively. 
Conclusion 
The confined, axial symmetric geometry (i.e., sphere-on-flat geometry) provided 
unique environment for controlling the flow within the evaporating droplet, which, in turn, 
regulated the formation of concentric rings of a semicrystalline polymer, PEO. The formation 
of distinct microscopic rings depended on the MW and the solution concentration. Upon the 
completion of solvent evaporation, a continuous PEO thin film was left behind at low MW, 
while at high MW concentric PEO rings of high regularity were produced.  
Subsequent isothermal crystallization of ring patterns transformed originally formed 
fibril-like PEO crystals into spirals as a result of the reduction in height of the rings by 
annealing. The formation of spiral terraces suggested a flat-on orientation of the lamellae. A 
high super-cooling of PEO (corresponding to low crystallization temperature, T = 40 °C) 
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generated more depletion zones than a low super-cooling counterpart (T = 58 °C). We 
envisage that, by applying the upper spherical lens with a larger radius of curvature,16 
concentric rings of PEO with much smaller width (a few micron or submicron) and height 
(tens of nanometers or a few nanometers) could be produced in such a dimension that is 
comparable to lateral size of a PEO spiral. Thus, hierarchically ordered structures may be 
anticipated, in which only a single row of PEO spirals are allowed to form, and they are 
adjacent to one another residing along a ring in a concentric ring mode. Since the 
confinement imposed by the width of the ring may dramatically affect the nucleation and 
growth of crystals, crystal morphology, and crystal orientation, some intriguing surface 
morphologies other than spirals may also form. This work is currently under investigation. 
PEO is a biocompatible polymer suitable for biological application since surfaces covered 
with PEO have shown to be non-antigenic, non-immunogenic, and protein resistant.52 
Therefore, the present highly ordered concentric PEO rings may serve as a platform to study 
cell adhesion and motility, neuron guidance, cell mechano-transduction, and other biological 
processes.53, 54 
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CHAPTER 3. EVAPORATIVE ORGANIZATION OF 
HIERARCHICALLY STRUCTURED POLYMER BLEND RINGS 
Modified from a paper published in Macromolecules 41, 9312 (2008) 
Myunghwan Byun, Suck Won Hong, Feng Qiu, Qingze Zou, and Zhiqun Lin 
Abstract 
We report the first study of the controlled, evaporative self-organization of a polymer 
blend from a restricted geometry comprised of a spherical lens upon a Si substrate (i.e., a 
sphere-on-flat geometry). This geometry facilitated the control over the evaporation rate of 
solvent, thereby eliminating the temperature gradient and the possible convective 
instabilities. In this study, a drop of polystyrene (PS) and poly (methyl methacrylate) 
(PMMA) toluene solution evaporated in the sphere-on-flat geometry. The combination of 
controlled, consecutive pinning-depinning cycles (i.e., “stick-slip”) of the contact line at the 
edge of the geometry, spontaneous phase separation of incompatible polymers at the 
microscopic scale, and a dewetting process in the late stage of phase segregation led to the 
formation of gradient, hierarchically structured polymer blend rings composed of phase-
separated PS and PMMA. The topographic distribution of PS and PMMA phases on the ring 
surface were revealed after removal of the PS phase with a selective solvent. Namely, the 
trench-pit structures were formed in the PS-112K/PMMA-133K blend, while for the PS-
112K/PMMA-534K blend, pit morphologies were observed. This facile approach offers a 
new way of simultaneously processing two or more nonvolatile components via controlled 
evaporation to produce new kinds of structures with hierarchical order in a simple, robust, 
and one-step manner. 
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Introduction 
Self-organization of polymers and nanocrystals at the solution/air interface driven by 
evaporation produces a variety of complex, dissipative, and far-from-equilibrium patterns 
including “coffee rings”1-3 and polygonal network structures4-7 that generally possess a low 
degree of regularity and long range order.  It would be of great interest and technological 
importance to explore the full potential of the evaporation process for assembling ordered 
micro- and nanostructures for applications in electronics, optics, optoelectronics, and sensory 
devices.8-10 To date, a few elegant studies have centered on establishing a means of 
harnessing the drying process of an evaporating droplet to yield highly regular structures. For 
example, well-aligned stripe patterns of nanoparticles were obtained through dewetting of a 
dilute film of polymer-coated nanoparticles flowing on a water surface using a programmable 
dip-coating process.11 Rather than allowing a droplet to freely evaporate, regular polymer 
patterns have been produced continuously from a receding meniscus, with the polymer 
solution confined between two parallel plates, by controlling the speed of the upper sliding 
plate while keeping the lower plate stationary.12 Recently, concentric “coffee rings” of 
polymers (or nanocrystals) of high fidelity and regularity have been obtained by confining a 
drop of polymer (or nanocrystals) solution in a restricted geometry composed of a spherical 
lens on a flat substrate (i.e., sphere-on-flat geometry).13-22 Due to imposed geometrical 
constrain, the evaporation was constrained to occur only at the droplet edges,13, 14 which in 
turn led to the formation of highly ordered concentric rings.13, 14 It is noteworthy that these 
previous studies have solely centered on single nonvolatile solute system (e.g., 
homopolymers, colloidal particles, or nanocrystals). By contrast, structure formation from 
evaporating droplets consisting two or more nonvolatile solutes, e.g., binary polymer blend, 
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has been less explored regardless of its common existence and numerous technological 
implication. The synergy of phase separation of polymer blends, and their destabilization 
mediated by the interaction between solutes and substrates during controlled solvent 
evaporation, can lead to the formation of ordered complex structures. 
Phase separation phenomena play a key role in the pattern evolution of a binary 
mixture of liquid composed of various condensed matter including polymers, surfactants, 
colloids, emulsions, and biological materials. The phase separation kinetics of polymer blend 
has been studied extensively to understand the phase demixing mechanism23-26 in conjunction 
with dewetting,27-31 and explore the characteristic parameters that influence the phase 
separation.32-34 Recently, the creation of multi-scale stripe-like patterns in thin polymer blend 
films was demonstrated; the patterns resulted from the interplay of evaporation, convective 
flow, differential diffusion, and spinodal-decomposition.35 
Herein, we report our first study on the spontaneous formation of hierarchically 
structured polymer blend patterns via controlled, evaporative self-organization of an 
incompatible, binary polymer blend solution in a sphere-on-flat geometry. PS and PMMA 
were selected as nonvolatile solutes. The topographic distribution of PS and PMMA phases 
on the pattern surface were revealed after removal of the PS phase with a selective solvent. 
Distinct difference in the surface morphology was observed for the polymer blends with 
different molecular weight of PMMA. Self-organized trench-pit structures were formed in 
the PS-112K/PMMA-133K blend, while pit morphologies were observed in the PS-
112K/PMMA-534K blend. This facile approach offers a new way of simultaneously 
processing two or more nonvolatile components via controlled evaporation to produce new 
kinds of structures with hierarchical order in a simple, robust, and one-step manner. 
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Experimental Section 
Materials and Sample Preparation. Polystyrene (PS; number average molecular weight, Mn 
= 112 kg/mol, polydispersity index, PDI = 1.05) and poly (methyl methacrylate) (PMMA; 
Mn = 133 kg/mol, PDI = 1.64 and Mn = 534 kg/mol, PDI = 1.57) were selected as nonvolatile 
solutes to prepare the PS/PMMA blends due to their strong immiscibility. Two polymer 
blends, namely, PS-112K/PMMA-133K and PS-112K/PMMA-534K, were used in the study. 
The weight ratio of PS to PMMA is 3:7, i.e., forming an asymmetric binary mixture. PS and 
PMMA were dissolved in toluene to prepare the PS/PMMA toluene solution at 
concentration, c = 0.5 mg/ml. Subsequently, the solutions were purified with 0.2 µm 
hydrophobic membrane filters.  
Restricted Geometry. To construct a restricted geometry (i.e., sphere-on-flat geometry), a 
spherical lens and a Si wafer were used.  The spherical lens made from fused silica with a 
radius of curvature, R ~ 1.65 cm, and Si substrates were cleaned by a mixture of sulfuric acid 
and Nonchromix.  Subsequently, they were rinsed with DI water and blow-dried with N2.  
The sphere and Si were firmly fixed at the top and bottom of sample holders inside a sealed 
chamber, respectively. To implement a restricted geometry, an inchworm motor with a step 
motion of a few micrometers was used to place the upper sphere into contact with the lower 
stationary Si surface.  Before contact, with just a few hundred micrometers between the 
surfaces, a drop of 20 µL from 0.5 mg/ml PS/PMMA toluene solution was loaded and 
trapped within the gap between the sphere and Si due to the capillary force. The sphere was 
finally brought into contact with the Si substrate by the inchworm motor such that a 
capillary-held PS/PMMA blend solution was formed with evaporation rate highest at the 
edge of the capillary, as seen in Figure 16.  
  
Figure 16 (a) Three dimensional illustration of a drop of PS/PMMA toluene solution 
trapped between a spherical lens and a Si substrate (i.e., a sphere
Cross section of the capillary
produced by controlled, repetitive “stick
of the rings away from the sphere/Si contact center is 
correspond to the outmost, intermediate, and innermost region, respectively, where the 
Characterization. The evaporation took less than 
sphere and the Si substrate were separated. 
patterns formed on the Si substrate were evaluated by optical microscope (OM; 
BX51 in reflection mode) and a
force microscope in tapping mode (Digital Instruments)). BS
with spring constants ranging from 20 to 75
OM and AFM measurements, a scratch on 
compare the surface morphologies at the same location before and after removal PS with a 
selective solvent, cyclohexane.
Results and Discussion 
The PS/PMMA toluene solution was confined in the sphere
forming a capillary-held solution), thus the evaporation of toluene can only occur at the edge 
of the capillary (Figure 16). 
PS/PMMA to the edge, forming an outmost PS/PMMA “co
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-held PS/PMMA solution in (a). The concentric rings were 
-slip” motion of the contact line. The distanc
Xn (n = 1-3; X1
rings were formed). 
one hour to complete. 
Due to the curvature effect of the sphere, only the 
tomic force microscopy (AFM; Dimension 3100 scanning 
-tap300 tips (Budget Sensors) 
 N/m were used as scanning probes
the sample was made so that we were able to 
 
-on-flat 
Evaporative loss of toluene triggered the transportation of the 
ffee ring” (i.e., pinning of the 
 
e 
, X2, and X3 
Afterward, the 
Olympus 
. Prior to the 
geometry (i.e., 
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contact line at the solution/air interface; “stick” step).2 During the deposition of the 
PS/PMMA ring, the initial contact angle of the capillary edge decreased gradually due to the 
evaporation of toluene to a critical angle, at which the capillary force (i.e., depinning force) 
became larger than the pinning force for the deposition.14 This caused the contact line to 
jump to a new position (i.e., “slip” step), and a new ring was thus developed. Consecutive 
“stick-slip” cycles of the receding contact line toward the sphere/Si contact center with 
elapsed time led to the regular assemblies of PS/PMMA concentric rings governed by the 
competition between the capillary force and the pinning force.14 We note that in previous 
studies investigating the interfacial interaction of homopolymers, i.e., PS and PMMA, with 
Si substrate during the controlled evaporation, PS was found to form fingering instabilities 
along the microscopic rings, while PMMA produced well-organized concentric rings.18 
Therefore in the present study of controlled evaporative self-organization of the PS/PMMA 
blend, only the blend at the weight ratio of PS/PMMA = 3/7 was used to avoid the fingering 
instabilities of PS, as seen, for example, in the PS-112K/PMMA-133K blends with 7/3 and 
5/5 weight ratios. 
Figure 17 shows representative optical micrographs of highly ordered, microscopic 
PS/PMMA concentric rings formed at the intermediate region, X2 for the PS-112K/PMMA-
133K blend (Figure 17(a) and 17(b)) and produced in between the intermediate region, X2 
and the innermost region, X3 for the PS-112K/PMMA-534K blend (Figure 17(c) and 17(d)), 
where X is the distance away from the sphere/Si contact center (Figure 16(b)). Comparison of 
Figure 17(a) and 17(b) revealed that the surface morphologies of the PS-112K/PMMA-133K 
concentric rings were altered after removal of the PS-112K phase with cyclohexane, a 
selective solvent for PS and non-solvent for PMMA, in that a thick dark curves appeared in 
  
the middle of the rings. With the other blend, PS
morphology after removing the PS
originally formed PS-112K/PMMA
polymers in between the concentric rings were removed with cyclohexane (Figure 
17(d)). 
Figure 17 Optical micrographs of concentric rings in blue consisting of 
blend formed by drying the P
sphere-on-Si geometry (Figure 1
3/7 (a) before, and (b) after removing PS  with cyclohexane. The rings were at the 
intermediate region, X2. 
before and (d) after removal of PS with cyclohexane
intermediate region, X
movement of solution front toward the center of the sphere/Si contact. Scale bar = 70 
To scrutinize the surface morphologies of 
domain structures of PS and PMMA within the ring, and more importantly, to understand 
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-112K/PMMA-534K, a d
-112K phase was observed, namely, the integrity of 
-534K rings was retained and the apparent deposits of 
S/PMMA toluene solution (c = 0.5 mg/ml) from the 
6). (a-b): PS-112K/PMMA-133K at the weight ratio of 
(c-d): PS-112K/PMMA-534K at the weight ratio of 3/7 (c) 
. The rings were in between the 
2 and the innermost region, X3. The arrow indicates the 
µm in all images. 
the PS/PMMA rings and the detailed 
ifferent 
17(c) and 
 
PS/PMMA 
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their structure formation due to the phase separation during and/or after the solvent 
evaporation, AFM measurements were performed. 2D AFM height images of the PS-
112K/PMMA-133K concentric rings before and after removal of the PS phase and the 
corresponding profiles scanning over a short distance are shown in Figure 18. Locally, they 
appeared as parallel stripes. Notably, the center to center distance between adjacent stripes, 
λC-C, the width of the stripe, w, and the height of the stripe, h, decreased with increased 
proximity to the sphere/Si contact center, from λC-C = 19 µm, w = 16 µm, and h = 200 nm at 
X1 = 3950 µm (outmost region; Figure 18(a)) to 13 µm, 11 µm, and 170 nm at X2 = 2980 µm 
(intermediate region; Figure 18(e)) to 11 µm, 9 µm, and 130 nm at X3 = 2235 µm (innermost 
region; Figure 18(i)), where Xn (n=1-3) was  defined in Figure 16(b)). This observation can be 
attributed to the competition between linear pinning force and nonlinear capillary force.14 
Line scan of the stripes revealed the dimple-like fluctuations of in the middle of the stripe 
(marked under red arrows in Figure 18(b), 18(f), and 18(j)). After thorough washing of the 
ring patterns with cyclohexane, clear height images with detailed domain structures were 
obtained (Figure 18(c-d), 18(g-h), and 18(k-l)). The depth of fluctuation dramatically 
increased, yielding concentric trenches in the rings (under red arrows in Figure 18(d), 18(h), 
and 18(l) as well as seen in Figure 17(b)). This observation suggests that given the 
PS/PMMA weight ratio of 3/7, a part of PS was deposited in the middle of the PMMA matrix 
in the PS/PMMA ring. The depth, d, and the width, ∆, of the trench decreased from d = 145 
nm and ∆ = 4 µm at X1 to 100 nm and 2.5 µm at X2 to 80 nm and 2 µm at X3 as the solution 
front moved inward. The data also suggests a preferential segregation of PMMA on the Si 
substrate in the rings that would otherwise form fingering instabilities, as seen when PS 
solely used as the nonvolatile solute,17, 18 and be washed away with cyclohexane. Close 
  
examination of AFM images revealed isolated pit structures residing on the bo
ring (large pits occurred near the contact line pinned, i.e., on the right side of each ring, as 
compared to small pits on the left side of contact line in Figure 
shown in Figure 18(k), which may be due to the c
the “stick-slip” motion of the contact line). Taken together, trench
in the PS-112K/PMMA-133K blend. The large pits near the contact line had a broad size 
distribution with the average size
0.3 µm at X3. 
Figure 18 2D AFM height images and the corresponding profiles over a short scanning 
distance (blue lines) of concentric rings obtained from drying
organization of PS-112K/PMMA
toward the sphere/Si contact center, the center
rings, λC-C and height of the ring, 
(a-b) before and (c-d) after selective removal of PS
before and (g-h) after removal of PS
after removal of PS. A close
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center and pits on both left and right sides; the image size is 20 × 20 µm2. The red circle 
in the images indicated that the images before and after removal of PS were taken at 
the same location. The red arrows in (b), (d), (f), (h), (j) and (l) marked the locations of 
trenches. Scan size is 80 × 80 µm2 for all images. 
For the PS-112K/PMMA-534K blend, λC-C, w, and h of the stripes progressively 
decreased from 19 µm, 11 µm, and 110 nm at X1 = 3525 µm (Figure 19(a)) to 14 µm, 9µm, 
and 95 nm at X2 = 2765 µm (Figure 19(e)) to 10 µm, 6 µm, and 80 nm at X3 = 2010 µm 
(Figure 19(i)). A randomly distributed pit structures were observed on a ring after removal of 
PS (Figure 19(c-d), 19(g-h), and 19(k-l)). No trenches were seen. The average sizes of pits 
were 0.75 ± 0.5 µm at X1, 0.9 ± 0.6 µm at X2, and 1.2 ± 0.6 µm at X3. It is worth noting that 
these self-organized trench-pit and pit structures within the concentric rings were resulted 
from spontaneous phase separation of PS/PMMA and a dewetting process in the late stage of 
phase segregation, not due to the temperature-gradient-induced Marangoni convection. Since 
the experiments were conducted in a sealed chamber, the evaporation rate of solvent and the 
associated capillary flow were readily controlled, and the temperature gradient and the 
possible convective instabilities were eliminated.   
Based on the observation that the height profile in between the adjacent rings before 
and after removal of PS was not flat, as evidenced in Figure 18(d), 18(h), and 18(l), and 
Figure 19(d), 19(h), and 19(l), it is clear that a thin PMMA patches (~15 nm obtained from 
AFM measurement on scratched samples, images not shown) was formed in between the 
adjacent rings on the Si substrate. This is not surprising in light of the fact that a PMMA thin 
film is stable on a Si substrate with 2 nm thick silicon native oxide layer on its surface due to 
the favorable interfacial interaction between PMMA and the Si substrate (i.e., enthalpic 
interaction between the carbonyl group of PMMA and the silanol group on the Si 
  
substrate).24 While a PS thin film is unstable owing to an unfavorable interaction between PS 
and Si.24 
Figure 19 2D AFM height images and the corresponding profiles over a short scanning 
distance (blue lines) of concentric rings obtained from drying
organization of PS-112K/PMMA
toward the sphere/Si contact center, th
rings, λC-C and height of the ring, 
(a-b) before and (c-d) after selective removal of PS
before and (g-h) after removal of PS
after removal of PS. The red circle in the images indicated that the images before and 
after removal of PS were taken at the same location.  Scan size is 80 × 80µm
We now turn our attention to rationalize the 
equilibrium complex structures in Figure 
the PS and PMMA domains in the PS/PMMA blend was governed by a complex interplay 
between preferential segregation of PMMA phase at the Si substrate and phase separation in 
the ring. The residual solvent played an important role in forming topographic modulations 
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on the ring surface in the late stage of phase segregation. The wetting behavior of liquid A on 
liquid B can be well described by the spreading coefficient, 
d  E " eC $ C/Ef                                                                                                                           1 
A completely wets B when S > 0, while A dewets B when S < 0 (i.e., partial 
wetting).36 At room temperature, the surface tension of PS and PMMA are γPS = 40.7 mJ/m2 
and γPMMA = 41.1 mJ/m2, and the interfacial tension between PS and PMMA, γPS/PMMA = 3.2 
mJ/m2.37 For PS spreading on PMMA, SPS-on-PMMA = γPMMA – (γPS + γPS/PMMA) = - 2.8 mJ/m2. 
For PMMA spreading on PS, SPMMA-on-PS = γPS – (γPMMA + γPS/PMMA) = - 3.6 mJ/m2. 
Therefore, PS and PMMA do not completely wet each other, instead they dewet. Thus, 
although PS has lower surface tension than PMMA and is expected to preferentially 
segregate to the air surface, the formation of a PS/PMMA bilayer in which the PS phase 
completely resided upon the PMMA phase is not possible due to the negative spreading 
coefficient, S. On the other hand, it has been demonstrated that PS has better solubility in 
toluene than PMMA. The polymer/solvent interaction parameter, χ for PS and PMMA in 
toluene at room temperature are χPS-Toluene = 1.13 and χPMMA-Toluene = 1.21,38 thus, longer time 
was required to deplete toluene from the PS phase than the PMMA phase.33 Therefore, it is 
possible that residual toluene was trapped in the PS phase after the evaporation-driven self-
organization process in which the PMMA phase was already vitrified. Subsequently, the 
swollen PS chains collapsed upon further evaporation of residual toluene, leading to the PS 
phase submerged below the surface of the PMMA layer, while not reaching the Si substrate 
due to unfavorable interfacial interaction between PS and the Si substrate,39 as seen in Figure 
18(a), 18(e), and 18(i) and Figure 19(a), 19(e), and 19(i). Taken together, The PS domains 
formed on the top of the continuous PMMA matrix, possessing the circular shape (i.e., pits in 
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Figure 18 and 19) in order to minimize the interfacial energy between PS and PMMA. 
Subsequent selective dissolution of PMMA with acetic acid removed the entire hierarchically 
structured ring patterns, confirming the presence of continuous PMMA matrix on the Si 
substrate.   
The formation of different PS domain structures (i.e., trench-pit structures for the PS-
112K/PMMA-133K blend and randomly distributed pits for the PS-112K/PMMA-534K 
blend) in the PMMA matrix within the PS/PMMA rings may be explained as follows. For the 
PS-112K/PMMA-133K blend, a PS/PMMA ring was formed directly after solvent 
evaporation, in which PS and PMMA-133K phase-separated with the residual toluene 
trapped in the PS phase (i.e., PS pits) (1st panel in Figure 20(a)). For such a ring containing 
residual toluene, the evaporation flux varied spatially with the highest flux occurred at the 
edge of the ring.2, 40-44 Thus, compared to the central region of the ring, the mobility of the PS 
phase was reduced at the edge, thereby leading to the formation of dispersed small PS 
domains (i.e., PS pits). Further evaporation of trapped toluene in the PS phase in the central 
region of the ring led to the PS phase interconnected each other and ultimately coalesced into 
a trench in the PMMA-133K matrix as illustrated in the 2nd and the 3rd panel in Figure 20(a). 
Due to relatively faster depletion of toluene in PMMA than in PS, the PMMA-133K matrix 
solidified and blocked the pathway of the PS phase that were entrapped to come out to the air 
surface (grey circles in the lower panel in Figure 20(b)).  
The change of the molecular weight (MW) of PMMA in the blend affected the 
diffusivity of the system and hence the rate of phase separation. When the MW difference 
between PS and PMMA became large, sufficient composition fluctuation (i.e., phase-
  
separation) cannot proceed easily. The viscosity of the PMMA matrix, 
influenced by the MW can be estimated by
 
Figure 20 (a) and (c) Stepwise representation of the formation of 
and (c) pit surface morphologies in the PS
112K/PMMA-534K blend, 
and (d) Schematic illustration of (b) t
phase separation of PS and PMMA from the PS
112K/PMMA-534K blend, respectively, within the microscopic ring. Upper panels: 
before removal of PS with cyclohexane. Lower panels:
The viscosity of PMMA
534K ~ (534/133)3.4ηPMMA-133K 
mobility, v of the PS domains on top of the PMMA
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where γ  is the effective surface tension,   > ghighjjkghiKghjjk? and Θm is the equilibrium contact 
angle between PS and PMMA, cos Θ3  >ghjjkDghi/hjjkghi ?. Thus, the PS domains were not 
able to efficiently interconnect one another to form a trench in the late stage of phase 
segregation as seen in Figure 18. Instead, randomly dispersed pit structures were resulted in 
(Figure 20(b) and 20(d)). 
Conclusion 
In summary, hierarchically structured polymer blend rings in a gradient concentric 
ring mode were produced by evaporation of an asymmetric PS/PMMA toluene solution in 
the sphere-on-flat geometry. These complex self-assembled structures were the direct 
consequence of the interplay between controlled “stick-slip” motion of the contact line, the 
phase separation of polymer blends, and a dewetting process in the late stage of phase 
segregation. By changing the MW of the PMMA matrix, the resulting concentric rings 
exhibited different surface morphologies. At relatively low MW of PMMA (PMMA-133K), 
trench-pit structures were formed in the PS-112K/PMMA-133K blend. At high molecular 
weight of PMMA (PMMA-534K), pit structures were observed in the PS-112K/PMMA-
534K blend. These gradient, hierarchically structured polymer blends rings may serve as a 
platform to study cell motility and adhesion, the confinement of trans-membrane cell 
receptors, neuron guidance, and other biological processes.47, 48 
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CHAPTER 4. MASSIVELY ORDERED MICROSTRUCTURES 
COMPOSED OF MAGNETIC NANOPARTICLES 
Modified from a paper published in J. Phys.: Condens. Matter 21, 264014 (2009) 
Myunghwan Byun, Jun Wang, and Zhiqun Lin 
Abstract 
Magnetic γ-Fe2O3 nanoparticle toluene solution was placed in a restricted, axially 
symmetric geometry composed of a spherical lens on a Si substrate (i.e., sphere-on-Si 
geometry), forming a capillary-held solution. The solvent evaporation led to the self-
assembly of γ-Fe2O3 nanoparticles into hundreds of spatially well-ordered, gradient 
concentric “coffee rings”. The rings were two-nanoparticle layers high with a monolayer of 
nanoparticle thin film formed in between. The ring width ranged from submicron to a few 
microns. The center-to-center distance between adjacent rings was on the order of a few 
microns. The size and packing of γ-Fe2O3 nanoparticles, both within individual microscopic 
rings and in between, were dependent upon the preparation of γ-Fe2O3 nanoparticle toluene 
solution. 
Introduction 
Assemblies and controlled positioning of metallic, semiconducting, and magnetic 
nanoscale materials into well-ordered functional structures offer new opportunities for 
miniaturized electronic, optoelectronic, and magnetic devices.1,2 Their collective properties 
depend on particle size, shape, and spatial arrangement of the nanomaterials. The latter can 
be rendered by employing a variety of self assembly techniques, including self-directed self 
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assembly,2 magnetic field-induced assembly,3 and electrostatic interaction-induced 
assembly.4 Evaporative self assembly of nonvolatile solutes (e.g., nanoparticles and 
polymers) from a sessile drop stands out as an extremely simple route to creating intriguing 
one- or two-dimensional structures.5-9 In general, surface patterns produced by the far-from 
equilibrium evaporation process include polygonal network structures,7,10-12 fingering 
instabilities,9,13 and stochastic multiple “coffee rings” without controllable spacing and 
size.5,14,15 In the latter context, maximum evaporative loss of solvent at the edge of a sessile 
drop promotes the jamming of nonvolatile solutes and creates a local roughness. The solutes 
dispersed in solution are then transported toward the edge and deposited at the contact line 
(i.e., “stick”), i.e., forming a “coffee ring”. The drop then jerks (i.e., “slip”) to a new position, 
resulting in a new “coffee ring”. The “stick” and “slip” motions of the contact line alternate 
as the solvent evaporates and ultimately lead to the formation of concentric “coffee rings”. 
However, randomly arranged multi-rings are generally yielded.14,15 Therefore, to produce 
intriguing, well-ordered structures via evaporation, it is essential to control the evaporation 
flux, solution concentration, interfacial interaction between the solute and the substrate, etc.  
Iron oxides (e.g., γ-Fe2O3 and Fe3O4), one of the most attractive magnetic materials, 
has been extensively studied in recent years. Iron oxide nanoparticles are excellent 
candidates for study of nanoscale magnetic properties16,17 and have been widely used in 
magnetic data storage, ferrofluid technology,18 energy storage, lubricants, drug delivery,19,20 
and magnetic resonance imaging (MRI).21 Herein, we report on a simple route to producing 
highly ordered concentric “coffee rings” composed of magnetic γ-Fe2O3 nanoparticles over a 
large surface area by allowing a drop of γ-Fe2O3 nanoparticle toluene solution to evaporate in 
a sphere-on-Si geometry. The implementation of sphere-on-Si geometry eliminated the 
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temperature gradient and the associated convective flow, thus rendered control of the 
solution evaporation.1,22-32 The resulting concentric rings were two-nanoparticle layers high, 
and submicron to a few microns wide. The center-to-center distance between adjacent rings 
was a few microns. This technique is remarkably controllable and easy to implement, 
opening up a new route for fabricating highly structured functional materials and devices in a 
fast, robust, and cost-effective manner. 
Experimental Section 
Synthesis and Dispersion of γ-Fe2O3 Nanoparticles. Monodispersed γ-Fe2O3 nanoparticles 
were synthesized according to well-established procedures.33 The synthesis is composed of 
two steps: synthesis of iron-oleate complex followed by subsequent thermal decomposition 
of iron-oleate. Briefly, certain amount of iron chloride and sodium oleate (TCI chemicals) 
was dissolved in the mixture of DI-water, ethanol and hexane at the volume ratio of 4:3:7 and 
heated to 70 ºC for 4 hours. The upper organic phase was extracted using a separation funnel 
and washed with DI-water 3 times. The obtained iron-oleate was sealed and stored in a 
decicator. γ-Fe2O3 nanoparticles were obtained by subsequent thermal decomposition of iron-
oleate in 1-octadecene at 320 ºC for 30 min, using oleic acid as the surface capping ligand for 
improving their solubility in organic solvents. After cooling to room temperature, the γ-Fe2O3 
nanoparticles were purified by adding large amount of ethanol and re-dissolving in toluene. 
The size of γ-Fe2O3 nanoparticles synthesized was approximately 14 nm as determined by 
TEM (Figure 21). The γ-Fe2O3 nanoparticle toluene solution at the concentration, c = 0.06 
mg/mL was purified either once with a 0.2-µm hydrophobic PTFE membrane filter (denoted 
normally filtered solution) or twice (i.e., with a 0.2-µm PTFE membrane filter, followed by a 
  
glass microfiber filter (GF/C, with 42.5 mm circles from 
filtered solution). The intensity from the 
measurement was lower than that from the 
suggesting that the concentration of 
the normally filtered solution.
Figure 21 TEM image of γ-
nanoparticles. The diameter of 
Evaporative Self-Assembly of 
drop of γ-Fe2O3 nanoparticle toluene solution (volume, 
trapped within a small gap between a spherical lens made of fused
oxide-terminated silicon substrate due t
geometry (Figure 22(a)), an inchworm motor with a step motion of a few micrometers was 
used to place the upper sphere into contact with the lower stationary Si substrate. The 
experiment was performed insid
was controlled and temperature gradient was eliminated during the experiment. A capillary
held nanoparticle solution was formed with the evaporation rate being highest at the 
extremity (Figure 22(b)). The diameter and radius of curvature of the sphere are 1 cm and 2 
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Whatman)) (denoted 
intensively filtered solution in the absorbance 
normally filtered solution (data not shown), 
intensively filtered solution was reduced as compared t
 
 
Fe2O3 nanoparticles, showing uniform size and shape of the 
γ-Fe2O3 nanoparticle, D = 14 nm. Scale bar = 20 nm.
γ-Fe2O3 Nanoparticle Rings in a Sphere-on
V = 18 µL; NPs) was loaded and 
-silica and a native silicon 
o the capillary force. To implement a sphere
e a sealed transparent chamber, so that the evaporation rate 
intensively 
o 
 
-Si Geometry. A 
-on-Si 
-
  
cm, respectively. The evaporation took approximately 30 min to complete, after which the 
two surfaces were separated. Due to the curving effect of the upper sphere, only the surface 
structures formed on the Si substrate were evaluated.
Figure 22 (a) Schematic three
solution containing γ-Fe2O
close-up of the right capillary ed
from the sphere and Si contact center
intermediate,
Characterization. TEM imaging was performed on a JEOL 2100 scanning transmission 
electron microscope (STEM) operating at 200 kV. The surface structures produced on the Si 
substrate were characterized 
mode) and atomic force microscopy (AFM; Dimension 3100 scanning force microscope in 
the tapping mode (Digital Instruments)). BStap300 tips (Budget Sensors) with spring 
constants ranging from 20 to 75 N/m were used as scanning probes.
Results and Discussion 
Magnetic γ-Fe2O3 nanoparticles with 14 nm in diameter were synthesized according 
to a reported procedure of nonhydrolytic thermal decomposition of iron
point organic solvent.3,33 To study the evaporative self assembly of 
the sphere-on-Si geometry, the 
the sphere and Si substrate, yielding a capillary
toluene only occurred at the constrained capillary edge (Figure 
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-dimensional illustration of a capillary-
3 nanoparticles placed in a sphere-on-Si geometry. (b) The 
ge in Figure 22(a) (side view), where Xn
 (n = 1-3). X1, X2, and X3 refer to outermost, 
 and innermost regions, respectively. 
by optical microscope (OM; Olympus BX51 in the reflection 
 
-oleate in high boiling 
γ-Fe2O3 
γ-Fe2O3 nanoparticle toluene solution was loaded and bridged 
-held solution (Figure 22). The evaporation of 
22(
 
held toluene 
 is the distance 
nanoparticles in 
b)). As toluene 
  
evaporated, γ-Fe2O3 nanoparticles were transported from the solution to the capillary edge, 
conglomerated, and pinned the contact line (Figure 
the deposition of nanoparticles, the initial contac
contact angle, at which the capillary force becomes larger than the pinning force, causing the 
contact line to jump to a new position, where it was arrested again and a new ring was thus 
produced.27  
Figure 23 (a) Schematic drawings (top view) depicting the 
gradient concentric γ-Fe2O
sphere-on-Si geometry shown in Figure 
nanoparticle patterns obtained from evaporative self
toluene solution. (b): the γ
membrane filter was used in the experiment (denoted 
γ-Fe2O3 nanoparticle solution purified with 0.2
a glass microfiber filter was employed (denoted 
indicate the moving direction of the solution front during evaporation. 
The use of axially symmetric sphere
pinning (i.e., “stick”) and depinning (i.e., “slip”) cycles of the contact line in a controllable 
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23(a)), forming ring-like deposits. During 
t angle gradually decreased to a critical 
sequential formation of 
3 nanoparticle rings during the solvent evaporation in the 
22. Optical micrographs of ordered 
-assembly of γ-Fe2O
-Fe2O3 nanoparticle solution filtered with a 0.2
normally filtered solution). (c): the 
-µm PTFE membrane filter followed by 
intensively filtered solution). 
µm. 
-on-Si geometry was responsible for consecutive 
 
γ-Fe2O3 
3 nanoparticle 
-µm PTFE 
Arrows 
Scale bar = 70 
  
manner, leaving behind hundreds of concentric “coffee rings” of 
(Figure 23). The rings exhibited gradient fe
center distance between neighboring rings, 
edge approached the sphere/Si contact center. This is because the imbalance of the nonlinear 
capillary force, due to the curvature effect of the sphere, and linear pinning force.
representative optical micrographs 
obtained from drying a droplet of 
solution in the sphere-on-Si geometry. Locally, they
patterns (Figure 23(b) and 2
3b-c are in sharp contrast to the “coffee rings” that were produced from a sessile drop of 
Fe2O3 nanoparticle toluene solut
(Figure 24 (a) and (b)). 
Figure 24 (a) Optical micrograph of 
nanoparticles formed upon drying 10 
silicon oxide-terminated Si substrate
concentric γ-Fe2O3 rings obtained via controlled evaporation in the sphere
geometry. Red-colored arrows indicate the moving direction of the solution front 
during evapo
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γ-Fe2
atures, representing the decrease in center
λ and the ring width, w, as the liquid capillary 
of highly ordered concentric nanoparticle rings were 
normally filtered γ-Fe2O3 solution and intensively filtered
 appeared as parallel periodic stripe 
3(c)). The rings of high regularity and fidelity shown in Figure 
ion on the Si substrate, where rings were randomly deposited 
stochastic “coffee rings” composed 
µL droplet of the toluene solution 
. (b) Optical micrograph of highly ordered 
ration. Scale bars = 70 µm. 
O3 nanoparticles 
-to-
27 Two 
 
γ-
 
of γ-Fe2O3 
on a native 
-on-flat 
  
AFM measurements were performed to examine the detailed surface morphologies of 
the γ-Fe2O3 rings and the packing of nanoparticles within the ring. Two dimensional AFM 
height images obtained from 
Figure 25 and 26, respectively, with t
Figure 25 A representative AFM image of microscopic ring patterns at the outermost 
region, X1, obtained from evaporative self
solution (normally filtered solution). The scan sizes are 25 × 25 
µm2 (right: close-up of blue square box in the left image), respectively. Z scale = 100 nm 
and 40 nm for left and right images, respectively.
The ring width, w, was dependent on the pinning time of nanoparticles. Subsequent 
depinning events of the solution front determined the center
adjacent rings, λ. For the inte
moved toward the sphere/Si contact center, 
and w = 1.4 µm at X1 = 3050 
2625 µm (intermediate region) to 
region) (Figure 26). With increased proximity to the sphere/Si contact center, rings with 
smaller w formed, indicating a shorter pinning time of 
phase contact line. A smaller 
pinning.27 As a result, it led to a shorter pull away of the contact line to a new position, 
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normally filtered and intensively filtered solutions are shown in 
he concentric rings locally stripe-looking. 
-assembly of γ-Fe2O3 nanoparticle toluene 
µm2 (left) and 2.5 × 2.5 
 
-to-center distance between the 
nsively filtered nanoparticle solution, as the solution front 
λ and w progressively decreased from 
µm (outermost region) to λ = 3.7 µm and w = 1.1 
λ = 3.4 µm and w = 0.8 µm at X3 = 2150 
γ-Fe2O3 nanoparticles at the three
w also implies a less amount of volume loss of solvent 
 
 
λ = 4.1 µm 
µm at X2 = 
µm (innermost 
-
during 
  
thereby yielding a smaller λ 
used as nonvolatile solutes, a transition fro
Such transition was not seen in the case of 
26(b)) and submicron (Figure 
produced exclusively on the Si substrate.  
however, rings were only formed in the outermost region over a lateral distance of 500 
in which λ = 4.1 µm and w
intermediate and innermost regions. A deposition of nanopar
rings is clearly evident (close
Figure 26 AFM height images of well
different regions. The intensively filtered
experiment. (a) at the outermost region (
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(Figure 26).27 It is worth noting that when quantum dots were 
m rings to wire-like structures were observed.
γ-Fe2O3 nanoparticles. Micron (
26(c)) wide concentric γ-Fe2O3 nanoparticle 
For the normally filtered nanoparticle solution, 
 = 1.1 µm (Figure 25); continuous film was then found in 
ticles in the area between the 
-up; right panel in Figure 25). 
-ordered γ-Fe2O3 nanoparticle rings formed at the 
 nanoparticle toluene solution w
X1), (b) at the intermediate (X2
29
 
Figure 26(a) and 
rings were 
µm, 
 
as used in the 
), and (c) at the 
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innermost (X3). As the solution front moved toward the sphere/Si contact center due to 
the evaporative loss of toluene, gradient concentric rings emerged (d). Image size = 80 × 
80 µm2 (a, b, and c). Image size = 25 × 25 µm2 for inset 3D images (d). 
To measure the thickness of the rings as well as the deposits between the rings, AFM 
imaging was conducted on the sample after mechanically scratching to remove the 
nanoparticles off the Si substrate. The cross-section analysis on the scratched ring patterns 
revealed that the ring height, h, was almost constant over the entire deposited area (i.e., h ≈ 
28 nm at X1, X2, and X3 from intensively filtered solution, and identically 28 nm from 
normally filtered solution), which is twice the diameter of the γ-Fe2O3 nanoparticles (D = 14 
nm; Figure 21), indicating the formation of a double-layer ring (Figure 27). The constant h 
measured likely reflected that, at the low solution concentration (c = 0.06 mg ml-1), only two 
layers of nanoparticles can be deposited to form a ring and no excessive nanoparticles were 
allowed to transport and deposit on the ring. 
According to AFM images on the scratched samples, a monolayer of γ-Fe2O3 
nanoparticles was formed in the area between the rings for both solutions. Comparison of the 
AFM images of γ-Fe2O3 nanoparticles surface morphologies obtained from different solution 
revealed that the solution preparation method has a marked effect on the packing of 
nanoparticles within the rings and the monolayer films (Figure 25 and Figure 28). As shown 
in Figure 25, the γ-Fe2O3 nanoparticle aggregates with average size of 200 ± 10 nm were 
deposited from the normally filtered solution as is evidenced in the inter-ring region. By 
contrast, the aggregates were successfully removed by vigorously purifying the as-prepared 
solution with a 0.2-µm PTFE membrane filter, followed by a glass microfiber filter (i.e., the 
intensively filtered solution) (Figure 28); much smaller γ-Fe2O3 nanoparticles were closely 
packed within the ring and in the inter-ring area. 
  
 
Figure 27 AFM images and the corresponding section analysis on the scratched 
nanoparticle ring patterns. (a
difference is 13.85 nm between red arrows, and 13.54 nm between green arrows. Image 
size = 40 × 40 µm2. (c-d): from the 
13.65 nm between red arrows, and 13.61 nm
The deposition of densely packed, monolayer nanoparticle thin film 
area (close-up; right panel in Figure 
passivation efficiency of γ-Fe
good as in the case of tri-n-octylphosphine oxide (TOPO)
partial dissociation of oleic acid from the 
hydrophilicity of nanoparticles, thereby facilitating the adsorption of nanoparticles to the 
hydrophilic, native silicon oxide
contact line. The detachment of oleic acid, if significant, may be responsible for the 
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-b): from the normally filtered solution. The height 
intensively filtered solution. The height difference is 
 between green arrows. Image size = 20 
20 µm2. 
25 and 28) may be rationalized as follows
2O3 nanoparticle with organic ligand, oleic acid may not be as 
-functionalized quantum dots.
γ-Fe2O3 nanoparticle surface rendered the 
-terminated Si substrate during the “slip” process of the 
 
γ-Fe2O3 
× 
in the inter-ring 
. First, the 
29
 The 
γ-Fe2O3 
  
nanoparticle aggregates seen in Figure 
and, thus, presenting excess ligand in the solution, the evaporation rate of toluene was 
retarded.34 A slower evaporation rate may provide the nanoparticles with a chance to wet the 
hydrophilic surface (i.e., the inter
drying. 
Figure 28 AFM height image, showing the packing of 
(forming a bilayer of γ-Fe
monolayer thin film), was obtained from evaporati
nanoparticle toluene solution. Close
the lower panel and the right panel, respectively. Scan size = 2 
µm2 in (b) and (c). Z scale = 50 n
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25. Second, due to the dissociation of oleic acid ligand 
-ring area) during the “slip” process and self
γ-Fe2O3 nanoparticles on the ring 
2O3 nanoparticles) and in the inter-ring area (forming a 
ve self-assembly of intensively filtered
-ups of the ring and the inter-ring area are shown in 
× 2 µm2 in (a), and 1 
m, 20 nm, and 40 nm in (a), (b), and (c), respectively.
-organize upon 
 
 
× 1 
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Conclusion 
In summary, we have demonstrated that the use of axially symmetric sphere-on-Si 
geometry provided a regulation over the solvent evaporation, thereby promoting the self-
assembly of magnetic nanoparticles into massively ordered concentric “coffee rings”. The 
rings were two-nanoparticle layers high, and submicron to a few microns wide. The distance 
between adjacent rings was on the order of a few microns. A monolayer of nanoparticle thin 
film was formed in between the rings. The size and packing of γ-Fe2O3 nanoparticles within 
an individual microscopic ring was dependent upon the preparation of γ-Fe2O3 nanoparticle 
toluene solution. These self-arranged, alternating double layer (rings) and monolayer (thin 
films between the rings) magnetic nanoparticle patterns over large areas may offer potential 
applications in high density storage media, and bio-related devices such as biomolecular 
detector, environmental monitor, and biological warfare agents sensing. By replacing the 
upper spherical lens in the restricted geometry with different shapes,32 for example, 
pyramidal lens and cylindrical lens, we envision the possibility of creating a family of 
surface patterns of different shapes and sizes via controlled, consecutive “stick-slip” motions 
of the contact line. 
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Abstract 
A toluene solution of the semiconducting conjugated polymer regioregular poly (3-
hexylthiophene) (rr-P3HT) was confined in a sphere-on-flat geometry, forming an axially 
symmetric, capillary-held microfluid, from which the consecutive “stick-slip” motion of the 
contact line of the solution via solvent evaporation was effectively regulated. As a result, 
hierarchical “snake-skin” like structures of high regularity were obtained where each 
microscopic ellipsoid within the “snake-skins” was composed of bundles of rr-P3HT 
nanofibers. This facile, one-step deposition technique based on controlled evaporative self-
assembly opens up a new avenue for organizing semicrystalline conjugated polymers into 
two-dimensional ordered patterns in a simple, cost-effective, and controllable manner. 
Introduction 
Of the various conjugated polymers, regioregular poly (3-hexylthiophene) (rr-P3HT) 
is among the most widely studied conjugated polymers. It has a rather rigid backbone with a 
regularly head-to-tail arrangement of pendant hexyl side chains that allow for efficient π-π 
stacking of the conjugated backbones and solubilization.1-8 rr-P3HT chains self-organize to 
form nanoscopic crystalline structures, which are dramatically influenced by regioregularity,9 
molecular weight,10-14 solvent properties,11, 15 and processing conditions (spin-coating, dip 
coating and drop casting),15 resulting in variations of the charge carrier mobility in thin-film 
transistors by several orders of magnitude.15 rr-P3HT possesses high solubility in a variety of 
organic solvents and excellent film-forming properties, making it an attractive material for 
use as a printable semiconducting polymer.7 Successful implementation of rr-P3HT for use 
in low-cost microelectronic and optoelectronic applications, for example, organic thin-film 
 79 
 
transistors, requires simple strategies to deposit and arrange rr-P3HT into well-ordered 
patterns over large areas with controlled coverage.16-20  
Evaporative self-assembly of nonvolatile solutes (e.g., polymers and colloidal 
particles) from a sessile drop is an emergent surface-patterning technique for potential 
applications in optical, microelectronics, and sensory devices. However, the dissipative 
structures created via evaporation, including polygonal network structures,21-24 fingering 
instabilities,25, 26 and familiar multiple “coffee rings”,27-29 are often irregular and without 
controllable spacing and size. Thus, a challenge that remains is to control the evaporation 
process (e.g., evaporation flux, solution concentration, and interfacial interaction between the 
solute and the substrate), so intriguing and highly ordered structures on a large scale can be 
produced rapidly and economically.  
Here, we present the surface patterning of luminescent conjugated polymer, rr-P3HT 
into highly ordered, hierarchically structured microscopic “snake-skin” like patterns. This is 
a direct consequence of controlled evaporative self-assembly of rr-P3HT in a confined 
geometry composed of a spherical lens on a flat substrate (i.e., sphere-on-flat geometry; 
Figure 29(a) and 29(b)) in conjunction with strong intermolecular interaction of P3HT chains 
(i.e., interchain π-π stacking). This facile, one-step deposition technique based on controlled 
evaporative self-assembly opens up a new avenue for organizing semicrystalline conjugated 
polymers into two-dimensional ordered patterns in a simple, cost-effective, and controllable 
manner for potential applications in optoelectronics, photonics, and biosensors, among other 
areas. 
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Figure 29 (a) Schematic illustration of the sphere-on-flat geometry in which a drop of 
P3HT toluene solution was constrained, forming a capillary-held solution between the 
spherical lens and Si substrate. (b) Close-up, cross-sectional view of the right capillary 
edge, where Xn (n = 1-3) indicates the radial position away the sphere/Si contact center. 
(c) Stepwise representation of the formation of two dimensional “snake-skin” like 
structures from the 0.1 mg/mL P3HT toluene solution. The sphere/Si contact area is 
marked as the “Contact Center” in the far right panel. 
Results and Discussion 
The choice of rr-P3HT as the nonvolatile solute was motivated by its promising 
applications in thin film transistors (high field-effect mobility, 0.1 cm2 V-1 s-1)11-15 and solar 
cells.30-33 The 0.1 mg/ml P3HT toluene solution was loaded and trapped in between the 
sphere and Si substrate, yielding a capillary-held solution (Figure 29(a) and (b)) from which 
toluene was allowed to evaporate only at the capillary edge (Figure 29(b)). As toluene 
evaporated, P3HT was transported from the solution inside to the capillary edge and pinned 
the contact line (i.e., “stick”), forming a “coffee ring” (far left panel in Figure 29(c)). During 
the deposition of P3HT, the initial contact angle gradually decreased to a critical contact 
angle, at which the capillary force (i.e., depinning force) becomes larger than the pinning 
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force,34 leading the contact line to jerk (i.e., “slip”) to next position inward, where it was 
pinned again and a new ring was thus yielded (second panel from the left in Figure 29(c)). It 
is noteworthy that two adjacent rings were connected by periodically arranged P3HT 
“bridges” that were originated from fingering instabilities emerging at the ring (Figure 
29(c)). The use of rationally designed, axially symmetric sphere-on-Si geometry rendered the 
control over the solvent evaporation, resulting in controlled, repetitive “stick-slip” motion of 
the contact line of the P3HT toluene solution, and ultimately yielding a “snake-skin” like 
network over large area (far right panel in Figure 29(c)). 
A representative fluorescence micrograph of highly ordered P3HT “snake skin” is 
shown in Figure 30(a). The “snake-skin” possessed gradient features in terms of the distances 
between adjacent rings, λC, and between adjacent bridges, λF (Figure 30(a) and Figure 31), as 
the solution front (i.e., liquid capillary edge) approached the sphere/Si contact center. This is 
because the imbalance of the nonlinear capillary force (i.e., depinning force) due to the 
curvature effect of the sphere, and linear pinning force.34 Locally, they appeared as elongated 
honeycombs as revealed by the AFM measurement (Figure 30(b)). The λC and λF 
progressively decreased from λC = 14.3 µm and λF = 10.7 µm at the outermost region, X1 = 
3720 µm, to λC = 12.5 µm and λF = 8.4 µm at the intermediate region, X2 = 2860 µm, to λC = 
9.8 µm and λF = 6.6 µm at the innermost region, X3 = 2150 µm (Figure 31(c)), where Xn 
corresponds to the distance away the sphere/Si contact center as illustrated in Figure 1b and 
Figure 31(a). 
  
Figure 30 (a) Representative fluorescence micrograph of 2D P3HT interconnected 
structures obtained from drying
toluene solution, resembling the “snake
corresponding AFM height
µm2. Arrows indicate the moving direction of the solution front during the course of 
Close examination of P3HT “snake
elongated honeycomb) within “snake
fibers (Figure 32). Since P3HT is a regioregular semicrystalline molecule, a P3HT nanofiber 
was formed by strong interchain 
oriented perpendicularly to the long axis of nanofiber (i.e. the 
The nanofibrillar morphologies are widely observed in low molecular weight P3HT films 
prepared by considerably slow deposition techniques and/or using solvents with high boili
point,7, 15, 35 while the fast solvent evaporation suppressed the self
nanofibrils.36 In the present study, the MW of P3HT was low (
evaporation rate of toluene was slow due 
solution was allowed to evaporate only at the capillary edge: it took approximately 30 min 
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-mediated self-assembly of the 0.1 mg/mL P3HT 
-skin” morphology. Scale bar = 35 
 image of “snake-skin” like structures. Scan size = 70 
evaporation. 
-skins” by AFM revealed that each ellipsoid (i.e., 
-skins” was composed of bundles of nanoscopic P3HT 
π-π stacking of crystalline lamellae with the P3HT chains 
π-π stacking direction).
-assembly of P3HT 
MW = 13.5 
to the use of sphere-on-Si geometry where the 
 
µm. (b) The 
× 70 
7, 11, 35
 
ng 
kg/mol) and the 
  
for evaporation to complete, thereby facilitating the formation of P3HT nanofibers. As a 
result, the P3HT “snake-skins”
microscopic ellipsoids in which numerous nanofibers were randomly overlapped, especially 
in the “bridges”. 
Figure 31. (a) Schematic illustration of a small zone of “snake
formed away from the sphere/Si contact center. The “snake
terms of the distances between adjacent rings, 
(Figure 31(b)). (b) The schematic showing the dimension of 
Representative AFM height images at the outermost region (
intermediate region (X
respectively. Arrows mark the moving direction of the solution front during the course 
of evaporation. Arrows indicate th
evaporation. 
Based on the in-situ optical microscopy observation in reflection mode, the formation 
of intriguing, hierarchically structured P3HT patterns may be rationalized as follows. As 
toluene evaporated, the contact line of the P3HT toluene solution was arrested for a certain 
period of time (i.e., forming P3HT “coffee rings”), during which the fingering instabilities 
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 were hierarchically structured, composed of gradient 
-skin” like structures 
-skin” possesses gradient in 
λC, and between adjacent bridges, 
λC and 
X1 = 3200 
2 = 2900 µm), and the innermost region (X3 = 2600 
e moving direction of the solution front during 
Scan size = 30 × 30 µm2 in all images. 
 
λF 
λF. (c) 
µm), the 
µm), 
  
emerged normal to the ring 
The P3HT chains do not entangle one another due to their rigid rod
to the random coil-like polymers. Moreover, the MW of the P3HT was low. Taken together, 
P3HT fingers may be easily formed (
the next position, during which the fingers grew into “bridg
bundles, by primarily transporting P3HT nanofibers from the solution inside to the capillary 
edge. It is plausible that a small portion of P3HT chains may also migrate (be pulled) along 
the previously formed ring to the “b
pinned, forming a new ring; the “bridges” and the rings were locked in upon complete 
evaporation of residual solvent. This process repeated until the solution front was in close 
proximity to the sphere/Si contact center, thereby yielding massive P3HT “snake
network structures that were composed of regularly arranged “stick” motion
that were parallel to the contact line and radially oriented “bridges” that were perpendicular 
to the contact line. 
Figure 32 Typical AFM height (a) and phase (b) images, showing that the mesoscale 
P3HT “snake skin” is composed of P3HT nanofibers. Scan size = 15 
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(far left panel in Figure 29(c)); they served as nucleation sites. 
-like natu
Figure 29(c)). Subsequently, the solution front jerked to 
es”, consisting of P3HT nanofiber 
ridges”. At this new position, the contact line was re
re as compared 
-
-skin” like 
-induced rings 
 
× 15 µm2. 
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It is worth noting that the solution concentration played an important role in the P3HT 
structure formation. In marked contrast with the “snake-skin” structures observed exclusively 
at c = 0.1 mg/ml, at lower concentration, c = 0.01 mg/ml, regularly arranged micrometer-
sized P3HT dotted arrays were formed. A schematic representation of the formation of dotted 
arrays is depicted in Figure 33(a). The optical micrograph in reflection mode taken at the 
boundary of the outermost and the intermediate regions (X1~X2) revealed that each individual 
ring was broken into dots due to the presence of residual solvent (i.e., forming dotted lines; 
Figure 33(b)), indicating a surface tension driven Rayleigh instability at the pinned contact 
line that minimized the surface free energy and maximized the intermolecular π-π stacking of 
P3HT since the concentration was ten times more dilute in comparison to the 0.1 mg/ml 
solution. This observation resembled recent study in drying-mediated self-assembly of a 
capillary-held organometallic poly (ferrocenyldimethylsilane) (PFDMS) solution, where 
dotted PFDMS rings were produced at low concentration.37 The characteristic distance 
between neighboring P3HT microdots from adjacent dotted lines, λC were 5.6 µm at the 
boundary of the outermost and the intermediate regions (X1~X2) = 3300 µm, and 4.2 µm at the 
boundary of the intermediate and then inner regions, (X2~X3) = 2500 µm (Figure 33(c)). Each 
individual dot was composed of aggregated P3HT nanofibers (Figure 33(d) and 33(e)). On 
the other hand, it is not surprising that when a higher concentration P3HT toluene solution 
was used (c = 0.5 mg/ml), a continuous P3HT film was deposited on the Si substrate. 
  
Figure 33 (a) Schematic illustration of the formation of microscopic dotted arrays from 
evaporative self-assembly of the 0.01 mg/mL P3HT toluene solution in the sphere
geometry. (b) A representative optical micrograph of microscopic dotted arrays of 
P3HT. Scale bar = 35 µm. (c) Corresponding AFM height image. Scan size = 30 
µm2. Arrows indicate the moving direction of the solution front during the course of 
evaporation. AFM (d) height and (e) phase images of an individual P3HT dot shown in 
Conclusion 
In summary, by subjecting the P3HT toluene solution to evaporate in an axially 
symmetric sphere-on-flat geometry, hierarchically structured microscopic “snake
86 
(c). Scan size = 4 × 4 µm2. 
 
-on-Si 
× 30 
-skin” like 
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patterns were yielded via the synergy of controlled evaporative self-assembly of regioregular 
P3HT at the microscopic scale (i.e., forming ellipsoids) and the strong intermolecular 
interaction of P3HT chains at the nanoscale (i.e., responsible for the formation of bundles of 
P3HT nanofibers within the ellipsoid). By extension, it should be possible to form such 
highly ordered luminescent structures with other semicrystalline conjugated polymers. This 
controlled evaporative self-assembly technique is fast, cost-effective, and robust, dispensing 
with the need for lithography and external fields. As such, it represents a powerful strategy 
for creating highly structured, multifunctional materials and devices for potential applications 
in optoelectronics, photonics, and biosensors, among other areas. 
Materials and Methods 
Synthesis of Regioregular Conjugated rr-P3HT: rr-P3HT was synthesized via a quasi-
living polymerization. 1, 39 The synthesis details are described as follows. In a three neck 
round bottom flask, 2,5-dibromo-3-hexylthiophene (1.63 g, 5.0 mmol) was dissolved in THF 
(10 mL) and stirred under N2. tert-Butylmagnesium chloride (2.5 mL, 5.0 mmol) was added 
via syringe and the mixture was stirred at room temperature for 2 hrs. The reaction mixture 
was then diluted to 50 mL with THF and Ni(dppp)Cl2 (45 mg, 0.082 mmol) was added in one 
portion. The mixture was stirred for 10 mins at room temperature, and then poured into 
methanol to precipitate the P3HT. The polymer was filtered into an extraction thimble and 
washed by Soxhlet extraction with methanol, hexanes, and chloroform. Finally, P3HT was 
recovered from the chloroform solution by evaporation. The regioregularity of P3HT was 
greater than 98% as determined by 1H NMR.1, 2 The number average molecular weight and 
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polydispersity index of P3HT were 13,500 kg/mol and 1.12, respectively, as measured by 
GPC. 
Evaporative Self-Assembly of Hierarchically Structured P3HT in a Sphere-on-Flat 
Geometry: The abovementioned rr-P3HT was selected as the nonvolatile solute to prepare 
P3HT toluene solutions at the concentration c = 0.1 mg/ml. Si wafer and the spherical lens, 
made from fused silica (radius of curvature, R = 1.65 cm, and diameter, D = 1 cm), were 
cleaned with a mixture of sulfuric acid and Nonchromix. After sonication for 30 min, they 
were extensively rinsed with DI water and blown dry with N2. A sphere-on-flat geometry 
(i.e., sphere-on-Si) was constructed and implemented as follows.37, 39-48 First, both the 
spherical lens and Si substrate were firmly fixed at the top and bottom of sample holders, 
respectively. Next, an inchworm motor was applied to bring the upper sphere into near 
contact with lower stationary Si substrate. With just a few hundred micrometers between the 
surfaces, 18 µL of P3HT toluene solution was loaded and trapped between the sphere and Si 
due to capillary forces. Finally, the sphere was brought into contact with Si. As a result, a 
capillary-held P3HT toluene solution was formed with the evaporation rate highest at the 
edge of the capillary, as schematically illustrated in Figure 29(a) and (b). This geometry led 
to a controlled, repetitive “stick-slip” motion of the three-phase contact line, which moved 
toward the sphere/Si contact center (Figure 29(a) and (b)) during the course of toluene 
evaporation. The sphere/Si contact area was marked as the “Contact Center” in the far right 
panel of Figure 1c. The experiments were conducted in a sealed chamber in order to 
eliminate the possible air convection, temperature gradient, and humidity effects. As a result, 
two-dimensional rr-P3HT “snake-skin” like patterns were formed on surfaces of the 
spherical lens and the Si substrate. The complete evaporation took approximately 30 min. 
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Only the patterns formed on the Si substrate were further examined in the study due to the 
curvature effect of the upper spherical surface.   
Characterization: An Olympus BX51 optical microscope in the reflection, dark field, or 
fluorescence mode was used to monitor the morphological evolution of P3HT patterns in real 
time and examine the surface morphology after the sphere and Si surfaces were separated. 
AFM images on patterns formed on a Si surface were performed using a Dimension 3100 
scanning force microscope in tapping mode (Digital Instruments). BS-tap300 tips (Budget 
Sensors) with spring constants ranging from 20 to 75 Nm–1 were used as scanning probes. 
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CHAPTER 6. ORGANIZATION OF POLYMER-DISPERSED LIQUID 
CRYSTALS FROM A LIQUID BRIDGE 
Modified from a paper published in Acta Phys. –Chim. Sin. 26, 1249 (2009) [Invited Article] 
Myunghwan Byun, Jun Wang, and Zhiqun Lin 
Abstract 
We report the organization of polymer-dispersed liquid crystals (PDLCs) into ordered 
concentric rings over large areas by drying a drop of bound PDLC toluene solution (i.e., 
confined between a spherical lens and an indium tin oxide (ITO)-coated glass substrate; 
sphere-on-ITO geometry). The formation of regular ring-like deposits was a direct 
consequence of controlled “stick-slip” cycles of three-phase contact line during the course of 
solvent evaporation, which was effectively regulated through the use of the sphere-on-ITO 
geometry.  This simple approach based on controlled evaporative organization may provide a 
new means of processing polymer/LC mixture to produce ordered surface patterns in one 
step, where microscopic LCs are dispersed within the polymer matrix. 
Introduction 
Polymer-dispersed liquid crystals (PDLCs) as functional materials for a variety of 
advanced optical devices have recently received much attention due to their potential 
applications in the areas of flat-panel displays, privacy windows, microlenses, etc.[1-7] PDLCs 
composed of micrometer-sized, birefractive liquid-crystalline droplets dispersed in an 
optically transparent and uniform polymer matrix are typically prepared by two approaches, 
i.e., microencapsulation[8] and phase-separation[9]. The latter based on a binary mixture of 
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homogeneous polymer and LC allows the utilization of a much wider range of chemistry, the 
manipulation of interfacial forces, and interfacial LC alignment[10,11]. The phase separation of 
polymer/LC can be effectively induced by polymerization[12], thermal treatment[13], and 
evaporation[14]. In the later context, the polymer and LC are dissolved in a mutual solvent, 
then undergo solvent evaporation-driven phase-separation, and finally form a solid film after 
complete solvent evaporation. Different solubility of the polymer and LC to the solvent 
renders the polymer to be significantly plasticized by the dissolved LCs, thereby resulting in 
the formation of droplet-like LC domains in the polymer matrix. The size, shape, and 
distribution of LC domains on the polymer film are generally governed by the phase 
separation kinetics as well as the anisotropic ordering of LC as most polymer systems hardly 
reach a thermodynamically stable state[6,7,15].  
An emergent technique of patterning surfaces with nonvolatile solutes (e.g., 
polymers, colloidal particles, DNA, and carbon nanotubes) into two-dimensional structures 
utilizes the evaporation of a sessile droplet from a solid substrate (i.e., an unbound drop of 
solution).  However, due mainly to lack of control over the evaporation process of the drop 
and possible convection, the resulting structures, e.g., multiple concentric “coffee 
rings”[16],fingering patterns[17],and polygonal network structures[18,19]are often irregular and 
stochastically organized[20].Therefore, to fully utilize the evaporation as a simple, 
lithography- and external field-free route to produce intriguing, well-ordered structures over 
large areas in a rapid, cost-effective manner that have numerous technological applications, 
the evaporation process that involves a wide range of parameters, including the evaporation 
flux, the solution concentration, and the interfacial interaction among the solvent, solute, 
substrate, should be precisely and systemically controlled[21-26]. 
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Herein, we report the organization of PDLCs into ordered concentric ring-like 
microstructures over large areas by allowing a drop of PDLC toluene solution to evaporate 
from a liquid capillary bridge formed by confining the solution between a spherical lens and 
an indium tin oxide (ITO) coated glass substrate (i.e., a sphere-on-ITO geometry). During the 
course of solvent evaporation, the combination of controlled, repetitive “stick-slip” motion of 
three-phase contact line at the edge of the capillary bridge due to the use of the sphere-on-
ITO geometry, and spontaneous phase separation of incompatible polymer and LC at the 
microscopic scale led to the formation of regular ring-like deposits of PDLCs. Morphological 
changes of the PDLC concentric rings before and after the removal of LC was closely 
examined by cross-polarized optical microscope and atomic force microscopy measurements. 
This simple, one-step approach based on controlled evaporative organization may represent a 
new strategy of producing ordered surface patterns of PDLC, where micrometer sized LCs 
are well dispersed within the microscopic polymer. 
Experimental Section 
Preparation of PDLC solution. Oligomeric polystyrene (PS; weight-average molecular 
weight, MW = 5,100 g/mol with polydispersity, PDI = 1.07; Polymer Source Inc., USA) and 
a thermotropic liquid crystal (LC), 4-n-pentyl-4′-cyanobiphenyl (5CB; the nematic phase 
exists at temperature between 18 and 35 °C; Sigma-Aldrich Inc., USA) were used as the 
polymer and LC, respectively. The aspect ratio of the length (~1.6 nm) to the diameter (~0.43 
nm) of 5CB is 3.7, indicating a rod-like molecule. Its director is the long axis of the 
cyanobiphenyl moiety. A PS and 5CB mixture at a mass (m) ratio of 50:50 was dissolved in a 
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common solvent, toluene, at a concentration of 10 wt % (i.e., mass fraction), resulting in a 
homogeneous solution[7]. 
Construction of sphere-on-ITO geometry. The spherical lens (made from fused silica with 
the radius of curvature, R = 1.65 cm and diameter, D = 1 cm) and the ITO-coated glass 
substrate were cleaned with a mixture of sulfuric acid and Nonchromix. After ultrasonication 
for 30 min, they were extensively rinsed with DI solution and blown dry with N2. To 
construct and implement a sphere-on-ITO geometry, first, both the spherical lens and the ITO 
substrate were firmly fixed at the top and bottom of sample holders, respectively[7,22-
35]
.Subsequently, an inchworm motor was used to bring the upper sphere in contact with the 
lower stationary ITO substrate. Before contact, with only a few hundred micrometers 
between the surfaces, a 21 µL PDLC toluene solution was loaded and trapped in the sphere-
on-ITO geometry. Finally, the upper sphere was brought into contact with ITO-coated glass 
substrate, forming a capillary-held PDLC microfluid with the evaporation rate highest at the 
edge of the capillary (Figure 34(a)). This geometry led to a controlled, repetitive “stick-slip” 
motion of the three-phase contact line, which moved towards the sphere/ITO contact center 
during the course of toluene evaporation. The sphere/ITO contact area was marked as the 
“Contact Center” in the far right panel of Figure 34(b). The experiments were conducted in a 
closed chamber to minimize possible convection, temperature variation and humidity effects. 
As a result, ring-like structures were formed on surfaces of the spherical lens and the ITO 
substrate. The complete evaporation took approximately 30 min. 
 
  
Figure 34 (a) Three dimensional illustration of a drop of polymer
crystals (PDLCs) toluene solution trapped between a spherical lens and an ITO
glass substrate (i.e., a sphere
formation of concentric PDLC rings from the 10 wt
= 50/50). The sphere and ITO substrate contact area is marked as “Contact Center” in 
Characterization. A polarized optical microscopy (Olympus BX51 equipped with a CCD 
camera, Japan; polarizer ⊥ analyzer) in transmission mode was used to monitor the structure 
formation of PDLC as well as the morphological change of PDLC after removal of LC by 
vacuum at room temperature. Atomic force microscopy (AFM) imaging on structures formed 
on the ITO substrate were performed using a Dimension 3100 scanning force microscope in 
tapping mode (Digital Instruments
spring constants ranging from 20 to 75 Nm
97 
-dispersed liquid 
-on-ITO geometry). (b) Stepwise representation of the 
 % PDLC toluene solution (PS/5CB 
the far right panel. 
, USA). BS-tap300 tips (Budget Sensors
-1
 were used as scanning probes. 
 
-coated 
, USA) with 
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Results and Discussion 
The selection of PDLCs composed of PS and 5CB as the nonvolatile solute was 
motivated by their potential applications in flat-panel displays and other optical devices. 
Figure 34(a) shows a schematic illustration of the sphere-on-ITO geometry, where a small 
amount of 10 wt % PS/5CB (50:50) toluene solution was trapped, forming a liquid capillary 
bridge from which toluene was allowed to evaporate only at the capillary edge (Figure 
34(a)). As toluene evaporated, the PS/5CB was transported from the solution inside to the 
edge of capillary and pinned the contact line (i.e., “stick”), forming a “coffee ring” of 
PS/5CB. During the deposition of PS/5CB, the initial contact angle gradually decreased, due 
to the evaporative loss of solvent, to a critical contact angle, at which the capillary force (i.e., 
depinning force) became larger than the pinning force[22], leading the contact line to jerk to 
next position inward (i.e., “slip”), where it was pinned again and a new “coffee ring” was 
thus produced. Repetitive “stick-slip” motion of the receding contact line toward the 
sphere/ITO contact center with elapsed time left behind regular assemblies of PS/5CB 
concentric rings governed by the competition between the pinning force and the capillary 
force, as depicted in Figure 34(b)[22].The ring width, W, was strongly dependent upon the 
pinning time of PS/5CB. While the center-to-center distance between the adjacent rings, λ 
was governed by subsequent depinning of the solution front[22].  
The glass transition temperature of the PS/5CB mixture, Tg,PS/5CB was 18 °C[7,36]. The 
decrease in Tg from 64 °C for pure PS (MW = 5,100 g·mol-1) to 18 °C for the PS/5CB mixture 
was due to the fact that 5CB with low MW value (MW = 249 g·mol-1) acted as the plasticizer 
in PS. Moreover, PS and 5CB are highly incompatible. Taken together, demixing between PS 
and 5CB within the microscopic concentric rings took place during the course of toluene 
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evaporation. The complete evaporation took approximately 30 min. After that, the sphere and 
the ITO substrate were separated. Only the concentric rings formed on the ITO substrate 
were further examined in the study due to the curvature effect of the upper spherical lens. 
The ring patterns composed of phase separated PS and 5CB on the ITO substrate were left in 
air for additional 2 hrs to ensure the complete evaporation of residual toluene, which was 
confirmed by the stability of the focus under the optical microscopy. Regularly organized 
concentric rings of PS/5CB were yielded (Figure 35(a)), in which randomly distributed 
microscopic 5CB domains in green situated in the PS/5CB mixture within a ring are clearly 
evident, while the isotropic PS phases were not observable under the cross-polarized optical 
microscope. Locally, the rings appeared as the parallel stripes. By contrast, irregular 
concentric rings of PS/5CB were produced by drying a sessile drop of PS/5CB toluene 
solution placed on a single ITO substrate (i.e., unbound solution) (Figure 35(b)). The size of 
LCs and thus the width of rings in Figure 35(b) were larger than those formed in the sphere-
on-ITO geometry (Figure 35(a)). This reflects that the use of axially symmetric sphere-on-
flat geometry facilitated the control over the evaporation process and associated capillary 
flow, and thus yielding ordered rings. It is worth noting that concentric rings of PS/5CB 
produced in the sphere-on-ITO geometry were not very highly ordered due to the use of very 
low MW of PS (MW = 5,100 g·mol-1) and 5CB (MW = 249 g·mol-1), as compared to ordered 
concentric rings with unprecedented regularity obtained from other nonvolatile solutes, for 
example, linear conjugated polymer poly [2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV), poly (methyl methacrylate) (PMMA), poly (ethylene 
oxide) (PEO), and the PS/PMMA blends, that were previously studied, in which the MW of 
these polymers were high[22,24,25,29-31,34]. 
  
Figure 35 (a) Optical micrograph of concentric PDLC rings formed on the ITO glass by 
drying the 10 wt % PDLC toluene solution in the sphere
35 µm. (b) Optical micrograph of PDLC microstructures formed by drying the 10
PDLC toluene solution on the ITO glass (i.e., from an 
150 µm. The images were taken under a crossed polarizer and analyzer in transmission 
mode. The arrow marked the direction of
Notably, when 5CB and PS solely were used as nonvolatile solutes, and their 
toluene solutions were either drop
allowed to evaporate from the sphere
liquid capillary bridge), either 
observed. Irregular “coffee ring
where nematic bipolar, radial, and axial configurations of 5CB with approxima
shape[10]and different sizes 
obtained in transmission mode
5CB from forming big aggregates as seen in Fig
of 5CB (Figure 36(b)). For PS, a
regardless of the use of the upper sphere
solutions slowly dried on the ITO
100 
-on-ITO geometry. Scale bar = 
unbound solution). Scale bar = 
 the movement of solution front.
-cast on the ITO substrate (i.e., unbound
-on-ITO geometry (bound droplets
chaotic structures of 5CB or continue films of PS 
” deposits of 5CB with no periodic spacing
are clearly evident in the cross-polarized optical micrograph 
 (Figure 36(a)). The use of sphere-on-flat geometry 
.3a, and relatively improved
 continuous PS film was deposited over the entire area 
. Both unbound and bound droplets of 
 surface as toluene evaporated (Figure 36(c) and (d)
 
 wt % 
 
10 wt % 
 droplets) or 
; i.e., forming a 
were 
 were formed, 
tely circular 
suppressed 
 the distribution 
the PS toluene 
). No 
  
dewetting was observed; this may be due to the higher concentration of PS solution 
%) used in the study. 
Figure 36 Optical micrographs obtained from control experiments. Optical images of 
5CB formed on an ITO glass by drying (a) a drop of 10
was cast on the ITO glass (i.e., single surface, without the
geometry), and (b) a drop of 10
in the sphere-on-ITO geometry. Optical images of PS produced on an ITO glass upon 
complete evaporation of (c) a 10
glass, and (d) a 10 wt % PS toluene solution that was restricted in the sphere
geometry. Scale bar = 35 µ
To scrutinize the surface 
structures of 5CB and PS within the ring
were performed on the sample 
vacuum at room temperature for
101 
 wt % 5CB toluene solution that 
 use of sphere
 wt % 5CB toluene solution that was originally confined 
 wt % PS toluene solution that was cast on the ITO 
m. The arrow marked the direction of moving contact line.
morphologies of the PS/5CB rings and the
, Atomic force microscopy (AFM
at the same location after selective removal of 5CB by 
 different times. It should be noted tha
(10 wt 
 
-on-ITO 
-on-ITO 
 
 detailed domain 
) measurements 
t the attempt to 
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conduct AFM imaging on the sample before the removal of 5CB was not successful due to 
the glass transition temperature of the PS/5CB mixture (Tg,PS/5CB = 18 °C) lower than room 
temperature (25 °C). The PS/5CB rings were liquid-like. By varying the vacuum treatment 
time, the existence of 5CB on the surface of rings can be identified. Figure 37 shows the 
AFM height and phase images obtained from the sample treated under vacuum for 3 hrs. It is 
noteworthy that nearly constant values of center-to-center distance between adjacent rings, λ 
(λ = 12.0 ± 0.5 µm) and the ring width, W (W = 6.0 ± 0.5 µm) were seen over the entire 
deposition area. This can be attributed to the fact that a uniform height, h (h = 25 ± 5 nm) of 
the PS/5CB rings was formed on the substrate, suggesting a constant pinning time. Thus, the 
evaporative loss of toluene was steady, leading to the formation of concentric rings with 
constant λ and W. This observation was reminiscent of our recent study on evaporation-
induced self-assembly of quantum dots[37-44] from sphere-on-flat geometry[23].The rings 
deposited over a surface area of  >Tn ?  8/2 ) 50 oo, where d′ is the diameter of 
the outermost ring formed in the present study (d′ = 8 mm). This area is only dictated by the 
volume of the PDLC solution and the diameter of the spherical lens used, d (d = 1 cm). In 
this context, by increasing d and placing a larger amount of PDLC solution, rings over even 
larger areas can readily be obtained. We note that the 3-hr vacuum treatment was probably 
not long enough for 5CB to be completely extracted from the surface of PS/5CB mixture. 
Thus, a trace amount of liquid like 5CB may remain on the surface. As a result, scanning 
artificial defects appeared in the AFM images in tapping mode (Figure 37(a) and (c). In this 
regard, AFM measurements were conducted on the sample after a lengthy vacuum treatment 
  
(i.e., suction for 24 hrs) to thoroughly remove 5CB on the surface, thereby eliminating 
artificial defects seen in Figure 37
Figure 37 AFM height ((a) and (c)) and phase images ((b) and (d)) of concentric PDLC 
rings produced from the drying
toluene solution after under vacuum for 3 hours. The scan sizes are 80 
and (b), and 25 × 25 µm2 in (c) and (d). Close
in (c) and (d). The white dashed ellipse in (a) indicated that the image a
and 24-hour (Figure 38(a)) vacuum treatments to remove 5CB were taken at the same 
Randomly dispersed holes were observed within the microscopic rings as shown in 
Figure 38(a) and (c). By comparing with the close
Figure 37(c) and (d), these holes can be assigned to the locations where 5CB originally 
situated (Figure 38(c) and (d)
between two adjacent rings on the 
surprising in light of the fact that 
103 
. 
-mediated self-organization of the 10 
-up AFM images in (a) and (b) are shown 
location. 
-up AFM images of ring patterns shown in 
). It is clear that some PS/5CB dot-like domains 
ITO substrate (Figure 37 and Figure 38
ultralow MW PS (i.e., oligomer; no chain entanglements) 
the 
 
wt % PDLC 
× 80 µm2 in (a) 
fter the 3-hour 
were deposited 
). This is not 
  
and 5CB were used; and the depinning force was not strong enough to 
contact line to jump to a new positio
micrograph of concentric rings obtaine
No distinctive 5CB microdomains were observed under 
a transmission mode (Figure 39(
extracted from the PS matrix 
the surface as shown in Figure 39(
Figure 38 AFM height ((a) and (c)) and phase images ((b) and (d)) of concentric PDLC 
rings produced from the drying
solution after under vacuum for 24 hours. The scan sizes are 80 
and 25 × 25 µm2 in (c) and (d). Close
104 
cause the
n inward[34]. Figure 39(a) shows a cross-
d in a reflection mode after 24-hour 
cross-polarized optical microscope 
b)), signifying that anisotropic 5CB w
after a lengthy vacuum process, leaving behind isotropic PS on 
a). 
-mediated self-assembly of the 10 wt % PDLC toluene 
× 80 µm
-up AFM images in (a) and (b) are shown in (c) and 
(d). 
 three-phase 
polarized optical 
vacuum suction. 
in 
as successfully 
 
2
 in (a) and (b), 
  
Conclusion 
In summary, we descr
from a confined geometry to 
microstructures over large areas. These self
two simultaneous processes,
contact line and the spontaneous phase separation of polymer and LC. 
changes of these LC-containing 
vacuum were visualized by cross
measurements. We would like to be able to exert more control over the regularity of ring
PDLC deposits by increasing the M
Although here we use the sphere
concept, in principle, should be applicable to other confined geometries with different shapes 
of upper surface to yield a wide spectrum of intriguing yet highly orde
Figure 39 Cross-polarized optical micrographs of concentric PDLC rings (a) in 
reflection mode after the 24
after the 24
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ibe a simple, one-step method based on controlled evaporati
organize PDLCs into regular concentric ring
-organized microstructures were resulted from 
 involving the controlled, repetitive “stick-slip” motion of the 
concentric rings before and after the removal of LC
-polarized optical microscope and atomic force microscopy 
W of PS. This work is currently under investigation.
-on-ITO geometry to harness the evaporation process, this 
red structures.
-hour vacuum treatment, and (b) in transmission mode 
-hour vacuum treatment. Scale bar = 35 µm.
on 
-like 
Morphological 
s by 
-like 
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CHAPTER 7. GUIDED ORGANIZATION OF Λ-DNAS INTO 
MICRORING-ARRAYS FROM LIQUID CAPILLARY 
MICROBRIDGES 
Modified from a manuscript to be submitted 
Myunghwan Byun, Suck Won Hong, Jin Woo Cho, and Zhiqun Lin 
Abstract 
Well-ordered, mesoscale λ-DNA ring-arrays have been successfully produced via 
controlled evaporative self-assembly with capillary actions in liquid capillary microbridges. 
The dimension of the λ-DNA microrings can be readily tuned by the choice of the PDMS 
molds. This approach opens a new avenue to utilize evaporative self-assembly as an 
alternative to conventional lithographic techniques for generating biomolecular patterned 
arrays in a simple, precise, and cost-effective manner. Using this facile and robust route, a 
great variety of biomaterials can easily and precisely organized into well-ordered ring arrays, 
which may have potential applications in functional scaffolds for cell and tissue growth, 
biosensors, etc. 
Introduction 
In general, a drying droplet on a solid surface (i.e., unbound sessile droplet) often 
leads to irregular and stochastic structures, which can be represented by coffee-rings,1 
fingering instabilities,2 and polygonal networks,3 owing to capillary flow induced by a non-
uniform evaporation flux or fluid fluctuation by Marangoni convection.  Hence, acquisition 
of precise control over capillary force and convective flux in drying-mediated self-assembly 
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as a non-lithographic technique for creating spatially well-defined surface structures is of 
great significance. To date, a few conceptual studies have experimentally and theoretically 
demonstrated evolutionary ways based on confined geometries to precisely and 
systematically control the evaporative self-organization process.4-11 Especially, our recent 
study elegantly reported on the spontaneous formation of a diverse variety of complex 
surface patterns using various architectural surfaces, which tune shapes and contact line 
pinning of the trapped solution in curve-on-flat geometries.12 Recently, chemically patterned 
surface-13-15 and stamp-assisted condensation methods16-23 for evaporative self-assembly of 
nonvolatile solutes such as nanoparticles and biomolecular species have been utilized to 
minimize unexpected droplet shapes and structural instabilities by lack of control over local 
dewetting dynamics, thus produce highly-ordered surface structures.  
DNA molecules, due to their dimensional characteristic, are very promising and 
attractive as a template for the nanotechnological applications such as metallic nanowires,24-
25
 photonic and optical devices,26 biosensors for the detection of gene mutation,27-28 etc. In 
order to utilize DNA molecules for the above mentioned practical applications, it is essential 
to devise a versatile and robust tool for achieving patterned DNA arrays with a lateral size in 
the range of tens of micrometers. Capillary force-mediated micromolding approaches based 
on patterned PDMS molds can be one of simple and efficient ways to spatially define DNA 
molecules or oligonucleotide probes with well-ordered, mesoscale patterned arrays on a solid 
surface.16 
In a typical capillary force-induced micromolding process, a micropatterned PDMS 
mold is brought into contact with a lower flat substrate at which an evaporating solution 
droplet is dropped. A solution drop is then trapped between the upper PDMS mold and the 
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lower stationary substrate, covering over a lower hydrophobic surface and fill up the void 
space of the mold by two kinds of capillary motions; One is the upward capillary rising 
induced by good wetting between the nonpolar solvent and hydrophobic surface nature of 
PDMS mold,29-30 and the other is the downward capillary depression induced by poor wetting 
(i.e., dewetting) between the polar solvent and PDMS mold.31 The former system has been 
extensively studied and has been proven to be more successful.29-30 In contrast, the system of 
polar solvent/hydrophobic PDMS, which can be recognized as edge transfer lithography,31 
has been rarely utilized because of difficult control over the dewetting of the solution. In 
particular, the capillary action of the solution trapped in the confined system can be 
significantly affected by the mold shape or curvature and thus open a new avenue to control 
the local dewetting dynamics.12  
In this communication, we demonstrate a facile and robust method for the 
spontaneous formation of λ-DNA microring-arrays via dewetting-induced self-assembly 
guided by capillary microbridges. These microscopic liquid bridges were formed between 
each PDMS hemispherical microlens and lower stationary substrate. The PDMS 
hemispherical microlens arrays have been replicated from the metallic master mold 
fabricated by the combination process of a thermal reflow of photoresist patternes32 and 
electrodeposition33 (Figure 40, and Figure 41(a-c)). This unique technique can simply adopt a 
wide variety of nonvolatile solutes such as proteins, peptides, antibodies, carbon nanotubes, 
and nanoparticles. 
 
  
Figure 40. Fabrication of PDMS hemisphe
photoresist (PR) pattern arrays via photolithography. 
circular PR patterns into hemispherical microlenses via thermal reflow process. 
III: electroplating of nickel onto hemispherical PR patterns. 
nickel electrodeposit from the Si wafer. 
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rical microlens arrays. Step I
Step II: Transformation of 
Step IV: Wet
Step V: PDMS replica molding.
 
: circular 
Step 
-release of 
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Figure 41. Fabrication of PDMS hemispherical microlens arrays. (a) Thermal reflow 
effect on the formation of hemispherical photoresist (PR) patterns. Circular shaped PR 
patterns (top view) are transformed into hemispherical ones (bottom view) by surface 
tension. (b) Representative optical micrographs of convex hemispherical protrusions on 
the electroplated nickel master mold. Scale bars = 100 
micrographs of concave hemispherical microlens arrays on PDMS replica. Scale bars = 
Results and Discussion 
Figure 42 schematically illustrates the evaporative self
microring-arrays via controlled dewetting in capillary microbridges. First, 5 
solution was dropped on to the hydrophobically treated Si and then a PDMS stamp was 
placed on the solution droplet (Figure 
114 
µm. (c) Representative optical 
70 µm. 
-assembly
42(a)). The λ-DNA solution spontaneously spreaded 
 
 of λ-DNA 
µL of λ-DNA 
  
out over the entire surface of the PDMS stamp and simultaneously filled up the void space 
between neighboring hemispheres (First panel in Figure 
proceeded, the interplay of different 
dewetting drove the solution to form menisci in the microgap between the hemispherical 
protrusions and HMDS/PMMA coated substrate (Second panel in Figure 
evaporation completed, well-
large areas (Third panel Figure 
Figure 42 Schematic illustration of 
in capillary liquid microbridges. 5 
HMDS/PMMA spin-coated Si substrate and then a PDMS stamp with hemispherical 
microlens arrays was placed on the solution droplet (3D cartoon in the upper panel). 
The λ-DNA solution spontaneously spreaded out over the enti
stamp and simultaneously filled up the void spaces between neighboring hemispheres 
(First section in the 2D cross
interplay of capillary movement and hydrophobic repulsion
the solution to form menisci in the microgap between the hemispherical protrusions and 
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42(b)). As the evaporation process 
capillary movements and hydrophobic repulsion
ordered microscopic ring-arrays of λ-DNA were obtained over 
42(b) and Figure 42(c)).  
λ-DNA microring arrays via controlled evaporation 
µL of λ-DNA solution was dropped on to the 
re surface of the PDMS 
-sectional view). As the evaporation process proceeded, the 
-induced dewetting drove 
-induced 
42(b)). After 
 
  
HMDS/PMMA coated substrate (Second section in the 2D cross
evaporation completed, well
over large areas (Third section in the 2D cross
The distinctively isolated microrings were smaller than the lateral dimensions of the 
hemispherical microlenses. Size dimensions of 
tuned by the choice of PDMS stamp features (Figure 
synergy of surface dewetting and evaporative deposition is demonstrated as a viable route for 
the fabrication of DNA patterned ar
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-sectional view). After 
-ordered microscopic ring-arrays of λ-DNA were obtained 
-sectional view and 3D cartoon in the 
bottom panel). 
λ-DNA microring-arrays can be precisely 
43(a) and 43(b)). For the first time, the 
rays.  
 
  
Figure 43 Representative fluorescent optical micrographs of 
λ-DNA microrings with a wide variation in the diameter formed on the hydrophobic 
surface over large areas were taken after removal of the PDMS stamp; (a) and the 
corresponding zoom-up images; (b). Scale bars = 200 
 
To scrutinize the surface morphologies of the 
dimensional scale, and to understand their fomation mechanism due to evaporative self
assembly in the micromgap by the competition between capillary flow and hydrophobic 
repulsion-driven dewetting, AFM measurements were performed (Figure 
45(a) and 45(b)). Size dimensions of the 
hemispherical microlenses (from 95 
µm, #1, and minimum size = 15 
pattern heights were constantly 5 
rings was 79.8 ± 13 nm (Figure 
117 
λ-DNA microring arrays. 
µm for (a) and 100 
λ-DNA microring-
λ-DNA rings were changed with different sizes of 
µm to 15 µm in the diameter (i.e., maximum size = 95 
µm, #9, with a decreasing step width of 10 
µm; Figure 41(b) and 41(c)). The average height of 
45 (c)). The height variation is presumably due to lack of 
 
µm for (b). 
arrays and their 
-
44, and Figure 
µm) and the 
λ-DNA 
  
precise control over topological changes of the PR patterns during the thermal reflow 
process, which directly affect the PDMS replication process. The average thickness of the 
rims of λ-DNA rings was 1.3 ± 0.3 
Figure 44 Prepresentative 3D AFM height images of individual 
scan sizes = 100 × 100 µm2
µm2 for #4, 60 × 60 µm2 for #5, 50 × 50 
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µm (Figure 46(c)).  
λ-DNA microrings. The 
 for mold #1, 90 × 90 µm2 for #2, 85 × 85 µm2
µm2 for #6, 35 × 35 µm2 for #7, 25 × 25 
#8, and 10 × 10 µm2 for #9. 
 
 for #3, 70 × 70 
µm2 for 
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Figure 45 (a) Representative AFM height images of individual 
scan sizes = 100 × 100 µm2
µm2 for #4, 60 × 60 µm2 for #5, 50 × 50 
#8, and 10 × 10 µm2 for #9. (b) Cross
(a). The ring diameters varied from 89.7 
120 
λ-DNA microrings. The 
 for mold #1, 90 × 90 µm2 for #2, 85 × 85 µm2
µm2 for #6, 35 × 35 µm2 for #7, 25 × 25 
-sectional views corresponding to the AFM images 
µm (mold #1), to 78.2 µm (#2), to 69.4
 
 for #3, 70 × 70 
µm2 for 
 µm (#3), 
  
to 57.7 µm (#4), to 48.1 µm (#5), to
Figure 46 Zoom-up AFM imaging of a single 
of a single λ-DNA microring from mold #7. Scan size = 30 × 30 
images of the rectangular area marked by blue
The diameters of λ-DNA rings appeared smaller than dimensions of hemispherical 
microlenses (i.e., 95 µm → 89.7 
69.4 µm from #3, 65 µm → 57.7
from #6, 35 µm → 29.8 µm from #7, 25
#9, respectively) (Figure 44). The declination trend in the ring diameters can strongly sup
that the λ-DNA solution confined between the hemispherical microlens and HMDS/PMMA 
coated substrate slightly receded toward the contact center of two surfaces by different 
capillary action between the interface of PDMS/solution and PMMA/solution, leav
solidified λ-DNA ring like deposits along the shape of the upper hemispherical microlens 
(Figure 47). The capillary action can be further understood by considering the different rates 
of capillary movement in microbridges. If the gravity effect 
capillary to be filled can be determined by the surface tension and viscosity of the solution,
121 
 38.3 µm (#6), to 29.8 µm (#7), to 19.3 
7.7 µm (#9), respectively. 
λ-DNA microring. (a) AFM height image 
µm2. (b) Zoom
-colored dotted line in (a). Scan size = 5 × 
5 µm2. 
µm from mold #1, 85 µm → 78.2 µm from #2, 75 
 µm from #4, 55 µm → 48.1 µm from #5, 45
 µm → 19.3 µm from #8, and 15 µm 
are negligible, the length of 
µm (#8), and to 
 
-up height 
µm → 
 µm → 38.3 µm 
→7.7 µm from 
port 
ing behind 
18-
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19, 30
 the contact angle of the λ-DNA solution, and the size of the capillary, as shown in the 
following equation,18-19, 30 
p    9a^_2q !
6/
 
, where z is the length of the capillary movement (i.e., zPDMS : on the PDMS surface, and 
zPMMA : on the PMMA surface), t is the time for filling up the microgap between the upper 
PDMS microlens and the lower PMMA flat surface ( ≈ 5 s), R is the hydraulic radius (the 
ratio between the liquid volume in the capillary microbridge and the area of the solid/liquid 
interface; RPDMS : at the interface of the PDMS/ λ-DNA solution ≈ 9.725 µm (radius of the 
circle marked with a blue-colored dotted line in Figure 47(b)), and RPMMA : at the interface of 
the PMMA/ λ-DNA solution ≈ 7.364 µm (radius of the circle marked with a red-colored 
dotted line in Figure 47(b))), γ is the interfacial free energy of the λ-DNA solution and air ( ≈ 
72 dyn cm-1),34 θ is the advancing contact angle of the λ-DNA solution on the solid surface 
(i.e., θPDMS : the advancing contact angle of the λ-DNA solution on the PDMS surface ≈ 
105°,18 and θPMMA : on the PMMA surface ≈ 70°),18 and η is the viscosity of the λ-DNA 
solution (if the dynamic viscosity of water is directly applied, ≈ 8.9 × 10-4 dyn·s cm-2).34 
Since the wetting angle of the λ-DNA solution is approximately 105° at the upper PDMS 
surface, the capillary depression is formed (i.e., z < 0 and cosθPDMS < 0; the column of liquid 
in equilibrium is below the surrounding level). Otherwise, at the PMMA surface, the λ-DNA 
solution has the contact angle of 70° (z > 0 and cosθPMMA > 0; the column of liquid in 
equilibrium is slightly above the surrounding level; positive capillary rising).  As described in 
the above equation, the net length of reciprocal capillary movements (i.e., znet = (zPDMS + 
zPMMA)) between two different interfaces is calculated to be -4.06 µm, which indicates the 
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inward retraction of the meniscus at outside edges, reflecting a slightly higher value than the 
standard deviation (i.e., half of the dimensional variation between the PDMS microlens and 
λ-DNA ring = (Di - Df)/2, Di = diameters of each PDMS microlens, and Df = diameters of 
each λ-DNA ring, as shown in Figure 47(a)) of 3.15 ± 0.5 µm. Briefly, when the λ-DNA 
solution is confined between the upper PDMS surface and the lower PMMA surface (i.e., 
θPDMS  > 90° and θPMMA < 90°), the degree of capillary filling may not be accurately 
defined.18-19 However, there could be an associative competition between capillary rising and 
depression due to different contact angles of the λ-DNA solution. Together with this 
competition process, possible fast evaporation at the periphery of the contact line of the λ-
DNA solution trapped the upper PDMS microlens surface and lower PMMA surface results 
in radial agglomeration of λ-DNA molecules smaller than the features of PDMS microlenses 
(Figure 47(c)). The resulting λ-DNA rings adopted a number of nanofiber bundles rather than 
single nanowires mainly observed in stretched DNA structures (Figure 46). This is because 
during the evaporation process, λ-DNA molecules are densely concentrated at the contact 
edge and thus λ-DNA agglomerates with increased concentration of salts tend to adopt coiled 
conformation.35 The density of λ-DNA nanofiber bundles can be readily controlled by 
adjusting the concentration of the DNA solution and features of the PDMS patterns (not 
shown in this contribution). However, no rings made up with a few number of stretched λ-
DNA nanowires observed. This is probably because there was no external force to fully 
comb the λ-DNA molecules and capillary depression flow was not strong enough to stretch 
the λ-DNA molecules. 
  
Figure 47 Formation mechanism of 
microbridges. (a) A schematic illustration for the formation mechanism of 
microring arrays. Left: λ-DNA solution is trapped in the microgap between the upper 
PDMS hemispherical microlens surface and the lower HMDS/PMMA surface. In 
DNA solution capillary bridg
of capillary action of the DNA meniscus and hydrophobic
Right: after evaporation completes, 
features of the PDMS microlenses are prod
and Df = diameter of a λ
hydraulic radius formed between two interfaces (i.e., PDMS/
PMMA/ λ-DNA solution interfaces) marked in left pane
trend in the lateral scale of the 
Conclusion 
In summary, the λ-DNA microring arrays have been successfully fabricated by 
controlled evaporative self-ass
dimensions of the λ-DNA microrings can be readily controlled by the choice of the PDMS 
sub-pattern features. This approach opens a new avenue to utilize evaporation
124 
λ-DNA microrings arrays in capillary liquid 
es, DNA molecules are migrated inward by the interplay 
-hydrophobic dewetting. 
λ-DNA microrings with smaller diameters than 
uced (Di = diameter of the PDMS microlens, 
-DNA microring). (b) schematic illustration for different 
 λ-DNA solution and 
l of (a). (c) The declination 
λ-DNA microrings in comparison with the features of 
the PDMS microlenses. 
embly based on capillary actions in liquid microbridges. The 
 
λ-DNA 
λ-
-induced self-
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assembly as an alternative to conventional lithography techniques for generating 
biomolecular patterned arrays in a simple, precise, and cost-effective manner. Using this 
facile and robust approach, a great variety of biomaterials can be easily and precisely 
organized into well-ordered ring arrays, which may have potential applications in functional 
scaffolds for cell and tissue growth, biosensors, etc. 
Experimental Section 
Preparation of Nickel Master Molds with Convex Micro-Hemispheres. As fully described 
in Figure 40, to fabricate nickel master molds with different sizes of convex micro-
hemispheres, a positive photoresist (PR; AZ9260) was first spin-coated and soft-baked at 110 
°C for 60 s for enhanced adhesion between PR and Si. The PR thickness was 5 µm. The PR-
deposited Si wafer was exposed on an I-line stepper with a dose of 225 mJ cm-2. After 
development with MIS300, cylindrical micropatterns were obtained. Subsequently, thermal 
reflow at 120 °C for 5 min transformed circular disk-shaped PR patterns into hemispherical 
microlens arrays (Figure 41(a); after thermal reflow, light reflection (white-colored dots) due 
to the surface curvature appeared).32 To coat a conductive layer on the patterned Si wafer, 
chromium and gold were vapor-deposited. The thickness of these two layers was 50 nm/150 
nm. Nickel electroplating was conducted in a nickel sulfite electrolyte with DC current 
density of 4 A dm-2. Temperature and pH of the electrolyte were kept at 55 °C and 4.0 ± 
0.1.33 The electrodeposition of nickel took 50 min (i.e., the final thickness = 50 µm and 
deposition rate = 10 µm hr-1. After nickel electroplating, the bottome silicon wafer was wet-
released with 25 wt % Tetramethylammonium Hydroxide (TMAH) solution. Subsequently, 
PR residue and conductive layers were removed by acetone and chemical etchants. 
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Preparation of PDMS Replica with Hemispherical Microlens Arrays. The PDMS (Sylgard 
184, Dow Corning) microlens arrays were replicated by casting PDMS precursor mixed with 
10 wt % curing agent into the nickel masters mentioned above. Prior to this procedure, the 
nickel master was treated with silanizing agent, tridecafluoro-1,1,2,2-tetrahydrooctyl 
trichlorosilane. The cast PDMS precursor was cured at 100 °C for 45 min and then released 
from nickel masters (Figure 41(b)). Finally, the PDMS mold with different sizes of 
hemispherical microlens arrays was replicated (Figure 41(c)). The PDMS mold was cut-off 
into small pieces desired sizes (2 × 2 cm2) prior to usage. 
Surface Modification. A p-type silicon wafer (100) was first cleaned with a mixture of 
sulfuric acid and Nonchromix, and then vigorously rinsed with DI water, and blow-dried 
with N2. The cleaned Si wafer was cut into small pieces with 3 × 3 cm2. Subsequently, they 
were first spin-coated with hexamethyldisilazane (HMDS) at 3000 rpm, and poly (methyl 
methacrylate) (PMMA; 534 kg mol-1) toluene solution at the concentration of 4 mg mL-1 was 
spin-casted at 2000 rpm. To enhance the adhesion strength between PMMA and silicon 
native oxide and to prevent the PMMA solution from dewetting,36 the HMDS solution was 
spin-coated prior to PMMA spin-casting. PMMA toluene solution with higher concentration 
4 mg mL-1 instead of lower concentration, 1 mg mL-1, was then spin-coated on the HMDS-
coated surface and subsequently the substrate was annealed at 120 °C for 1 hr. After thermal 
annealing, no detwetted region appeared and the RMS value was slightly reduced from 1.010 
to 0.788 nm. 
Preparation of λ-DNA Solution. To prepare the DNA solution, λ-DNA (New England 
Biolabs; 48,502 bp, 500 µg mL-1 in 10 mM Tris·HCl/1 mM EDTA, pH ≈ 8.0), DNase-free 
TF-Buffer (SIGMA (T9285-100 mL); 100 × Concentrate, 0.2 µm filtered, 1.0 M Tris·HCl/0.1 
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M EDTA, pH ≈ 8.0), and a fluorescent YOYO-1 idodide (Invitrogen; 1 mM solution in 
DMSO, 200 µL) were used as supplied without further purification. The DNase-free TE-
buffer was first diluted by adding 9.9 mL ultrapure water (deionized and distilled) into 0.1 
mL of the original TE buffer solution and then this diluted DNase-free buffer solution (10 
mM Tris·HCl/1 mM EDTA, pH ≈ 7.5-8.0) was used to prepare 5 µg mL-1 λ-DNA solution. 
For fluorescent labeling of λ-DNAs at a dye/base-pair ratio of 1:2, 10 µL of YOYO-1 iodide 
was directly taken from the original solution and added into 2.54 mL of the 5 µg mL-1 λ-DNA 
solution. All procedures were conducted in the dark to prevent the dyes from bleaching. 
Finally, 2.64 mL of 5 µg mL-1 fluorescent λ-DNA solution was yielded. 
Restricted Geometry Set-up. To implement a restricted geometry, an inchworm motor with a 
step motion of a few hundred micrometers was applied to place the upper micropatterned 
PDMS mold into contact with the lower stationary substrate. Before contact, a drop of 5 µL 
of the λ-DNA solution with the concentration of 5 µg mL-1 was loaded and trapped within the 
gap between the PDMS stamp and HMDS/PMMA coated Si (Figure 42(b)). Finally, the 
upper PDMS stamp was brought into contact with the lower stationary HMDS/PMMA 
modified Si by inchworm motor. 
Characterization. Optical microscopy (Olympus BX51) was performed in the reflective 
mode under blue light and was also combined with fluorescent light. AFM imaging of λ-
DNA rings with different dimensions was obtained by using a scanning force microscope 
(Digital Instruments Dimension 3100) in tapping mode. BS-tap300 tips (Budget Sensors) 
with spring constants ranging from 20 to 75 N/m were used as scanning probes. 
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CHAPTER 8. HIERARCHICALLY ORDERED STRUCTURES 
ENABLED BY EVAPORATIVE SELF-ASSEMBLY OF CONFINED 
COMB BLOCK COPOLYMER 
Modified from a manuscript to be submitted 
Myunghwan Byun, Ned B. Bowden, and Zhiqun Lin 
Abstract 
We demonstrate the controlled evaporative self-assembly of an asymmetric comb 
block copolymer toluene solution in a wedge-on-flat geometry for generating the 
microscopic gradient surface patterns of comb block copolymer. These periodic 
hierarchically ordered structures (i.e., straight lines and punch-hole like mesh) are dictated by 
the height of the upper wedge lens that determines the height of capillary bridge. Upon 
subsequent solvent vapor treatment, morphological changes via the interplay of surface 
tension-driven destabilization at the micrometer scale and solvent vapor-induced microphase 
separation of comb block copolymer at nanometer scale are observed. As such, this facile 
approach offers a new platform for patterning the block copolymer thin film with various 
domain structures in a simple, robust, and cost-effective manner. 
Introduction 
Complex hierarchical structures obtained via spontaneous self-assembling process 
possibly serve as versatile templates for the fabrication of integrated circuits (ICs) and micro-
electro-mechanical systems (MEMS).1-3 Mostly, hierarchically ordered structures have been 
fabricated, however, by destructive surface patterning techniques that strongly depend on 
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lithography condition and additional external force, which require higher cost and more 
complicated processing steps to obtain much smaller pattern dimension. Block copolymer 
self-assembly is representative one of “bottom-up” fabrication methods for creating 
hierarchically ordered, nanometer sized building blocks for future nanotechnologies, 
including such as photonic,4 biotechnological,5 and magnetic data storage devices,6 to 
overcome the above mentioned limitations on photolithographic techniques. In block 
copolymer self-assembly, interfacial interaction energy by different chemical functional 
groups plays a critical role in determining the level of hierarchical ordering. Block 
copolymers are well-known to exhibit different microphase-separated morphologies, 
including spheres, cylinders, lamellae, and gyroids, strongly depending on the relative 
volume fractions of the blocks.  
One of the key challenges in the block copolymer lithographic technique to create 
nanometer sized building blocks for the fabrication of practical micro-to-nanometer scale 
devices is to achieve spatially well-defined block copolymer patterned templates at the 
micro-to-nanometer scale, simultaneously guiding in-plane long-range ordering of 
nanodomains in the selected space. To drive hierarchical ordering of nanodomains in 
selectively confined areas, topographically7-8 or chemically9-13 patterned surfaces, PDMS 
stamping,14 electrical field-induced patterning,15 and capillary force-induced 
nanoimprinting16 have been intensively applied. However, those approaches have possible 
drawbacks; 1. Precise control over pressure or temperature in PDMS stamping and 
nanoimprint lithography, 2. High-cost facilities and sophisticated multi-step processing for 
achieving prepatterned surfaces or micro-to-nanometer scale molds via lithographic 
techniques, and 3. Coexistence of featureless and well-ordered domain structures in the 
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graphoepitaxy approach and additive removal step for disordered regions. Hence, to develop 
a new patterning tool for block copolymer templates will be one of pathfinding schemes for 
removing the most significant obstacles in conventional photolithographic patterning 
techniques.  
Recently, a few studies have been focused on evaporation process of block copolymer 
solution droplets as a simple patterning tool to produce patterned block copolymer 
nanotemplates.17-20 However, the size of patterned block copolymer nanotemplates is still 
large (i.e., tens of micrometers)19-20 or additive surface neutralization17-18 is essential prior to 
self-assembled nanopatterning process. These large scale patterned templates may be 
undesirable for acquiring the confinement effect on long-range ordering of self-assembled 
block copolymer domains and furthermore for the nanotechnological applications, additive 
micropatterning steps might be necessary. In this regard, our main scope in this work is to 
spatiotemporally achieve block copolymer patterns of high regularity and fidelity in a one-
step, simple, and cost-effective manner via the hydrodynamic consequence in a restricted 
geometry designed on the purpose to precisely control the evaporation process of confined 
solution, and ultimately to obtain hierarchical ordering of nanodomains confined in the 
resulting mesoscale stripe patterns.  
In general, a single drying-droplet produces irregular and stochastic surface structures 
such as “coffee rings”,21 fingering instabilities,22 and polygonal networks23 due to lack of 
control over temperature gradient and convection flux. Such these ragged surface patterns 
obtained via evaporation of unbound solution droplets can be dramatically changed into 
highly-ordered, intriguing structures by artificially imposing the controlled solution 
evaporation in the confined geometry composed of the upper curved lens and lower 
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stationary flat surface.24-29 Our recent research work demonstrated that a wide variety of 
complex, intriguing, and well-ordered structures can be effectively and simply achieved by 
changing the pinning shape of evaporating solution droplet.26 However, hyperbolic curve 
patterns might be limitedly utilized in the field of practical applications. For a large variety of 
applications, straight line patterning is of great importance in the area of electronics, 
biologics, photonics, etc. 
Herein, we report a simple evaporative patterning of hierarchically structured block 
copolymer stripes via the synergetic process of dissipative self-organization of block 
copolymer molecules into straight lines at micro-to-submicro meter scale via controlled 
evaporation and spontaneous self-assembly of the blocks into hexagonal cylinders at 
nanometer scale via solvent vapor-assisted microphase separation. Well-synthesized comb-
type block copolymer (Comb BCP) was selected as a nonvolatile solute. Morphological 
changes of gradient Comb BCP stripes were compared before and after the THF-vapor 
treatment. Distinct difference in the surface morphologies obtained from as prepared stripes 
and from THF-vapor annealed ones were fully investigated. Disordered or/and poorly 
ordered nanodomain structures were formed in micrometer scale straight line patterns, while 
after the THF-vapor treatment hexagonally packed nanocylinders were self-assembled in 
microscopic gradient stripes shrunken by dewetting. This facile and robust approach offers a 
non-lithographic and cost-saving route for producing periodically well-defined block 
copolymer surface patterns with hierarchical ordering of nanodomains at the expense of 
necessity of lithographic aid. 
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Results and Discussion 
Comb BCP has one block combined with regularly and densely spaced polymeric 
arms that cause the overall molecular weight to increase.30-31 Possible steric crowding 
between the polymeric arms may lead to elongation of the backbone polymer, thus 
determines the shape of the block, which is presumably regarded as either a globular random 
coil or rigid rod. Comb BCP can be recognized as either a triblock or a diblock copolymer 
due to the section of polymeric arms chemically bonded with the backbone polymer (Figure 
48(a) and 48(b)). Although the polystyrene arms evidently affect the reptation of the 
constituent blocks, Comb BCPs can be readily assembled into ordered morphologies because 
of the sizes of the backbone polymers analogous to those of linear block copolymers.30-31 
An asymmetric Comb BCP with ultra-high molecular weight (MW = 510 kg mol-1) 
was used as the nonvolatile element. The choice of system was motivated by confinement 
effect of cylindrical nanostructures with large domain size close to 100 nm in mesoscale 
Comb BCP stripes achieved via a simple evaporative patterning in a confined geometry 
composed of upper wedge-like lens and flat Si. The Comb BCP toluene solution was trapped 
into the gap between wedge and Si of the imposed geometry to form a capillary-held 
microfluid; thus, the evaporation of toluene was only enforced at the terminus of the capillary 
bridge (Figure 49(a) and the Experimental section).28 The higher rate of evaporative mass 
loss of toluene near the contact line led to the transportation of Comb BCP molecules to the 
perimeter of the confined droplet, preventing the capillary bridge from shrinkage or break-
up.28 Spontaneous accumulation of the Comb BCP molecules at the edge of the pinned 
contact line successively appeared as straight line patterns (i.e., pinning of the contact line at 
the solution/air interface; “stick” motion) (lower left panel in Figure 48(c)).  
  
Figure 48 (a) Chemical structures of a comb block copolymer
the backbone composed of two monomers; A with chemically bonded long polystyrene 
arm, C, and B. (b) Schematic illustration of a 
attachments of the long polystyrene arms and the short ester arms along each block of 
the backbone polymer. (c) 
Comb BCP stripes. A drop o
geometry consisting of a wedge
as the bottom surface, forming the capillary bridge (side view, upper right panel; 
= 1.0 mm (1,000 µm)). As the contact line of the trapped solution retracted toward the 
center of the wedge/Si contact by successive controlled “stick
meniscus, gradient stripes of 
the solid arrows below the upper wedge surface denote movement of the solution front 
toward the contact center of a wedge/Si). Gradient 
were formed onto a pristine Si substrate 
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 (Comb BCP) containing
Comb BCP to emphasize the chemical 
Schematic representation for the formation of
f Comb BCP toluene solution was trapped in a restricted 
-shaped lens as the upper surface and a flat Si substrate 
-slip” motions of the 
Comb BCP started to form (side view, middle right panel; 
Comb BCP stripes over large areas
after complete evaporation. X
 
 
 gradient 
Hwedge 
 
n indicates the 
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position away the wedge/Si contact center. Schematic illustration of gradient Comb 
BCP stripes formed onto a Si substrate (3-D cartoon in lower left panel). Red-colored 
arrows indicate the moving direction of the contact line during evaporation. 
During the entire deposition process of the Comb BCP stripes, the initial contact 
angle of the meniscus at the capillary edge gradually decreased to a critical value due to the 
continuous evaporation of toluene, causing the capillary force (i.e., depinning force) to 
become larger than the pinning force.28 This caused the contact line to retract toward the 
contact center and to be fixed at a new position (i.e., “slip” motion), creating a new stripe.28 
Consecutive periodic “stick-slip” cycles of the receding contact line with unidirectional 
symmetric shape of the meniscus due to the upper wedge lens led to the formation of higher-
ordered Comb BCP stripe patterns.  
Figure 49(a) shows representative optical micrographs of highly ordered, microscopic 
Comb BCP stripes comprised two different stages; before (left area on the basis of a black-
colored cutting line) and after the THF-vapor treatment (right area on the basis of a black-
colored cutting line), where Xn (n = 1-5) indicates the position away from the wedge/Si 
contact center (Bottom of right panel in Figure 48(c)) and an arrow is the moving direction of 
the contact line during the evaporation process. Comparison of two areas (i.e., before and 
after the THF-vapor annealing) shown in Figure 49(a) revealed that gradient Comb BCP 
straight lines captured from as prepared sample became more distinctive and darker after the 
THF-vapor treatment. It is noteworthy to simply produce highly ordered, self-organized 
straight line patterns via controlled evaporation of block copolymer solution in the wedge-on-
Si geometry. 
  
Figure 49 (a) Comparison 
after the THF vapor annealing process.
Comb BCPs in a wedge-on-
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of optical micrographs of the Comb BCP stripes before and 
 After evaporation-induced self
flat geometry, the sample was cut into two pieces to examine 
 
-assembly of 
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structural and morphological changes of Comb BCP stripes on exposure time to THF 
vapor pressure. After THF vapor annealing for 10 hrs, visible lucidity of the Comb 
BCP gradient stripes (right side) was improved compared to as-prepared stripes (left 
side). An arrow indicates the moving direction of the contact line. Scale bar = 50 µm. (b) 
Top row: Representative 2D AFM height images of the gradient Comb BCP stripes 
obtained from controlled evaporative self-organization of Comb BCP toluene solution 
(i.e., as prepared sample). As the contact line moved toward the wedge/Si contact 
center, the center-to-center spacing between the adjacent straight lines, λC-C, the height, 
h, and the width, w, decreased gradually at three regions; Outermost region, (upper left 
panel), Intermediate region, (upper middle panel), and Innermost region, (upper right 
panel). Lower row: Corresponding 2D AFM height images of the gradient Comb BCP 
stripes after THF-vapor annealing for 10 hrs. Scan size = 50 × 50 µm2. All arrows 
indicate the moving direction of the solution front during the course of evaporation. 
To further scrutinize the topographic changes of the Comb BCP stripes and the 
detailed structural evolution of nanodomains within the stripes, AFM measurements were 
intensively conducted on the same position, Xn, of the sample before and after the THF-vapor 
treatment (i.e., after cutting the sample into two pieces, one side was checked with AFM as 
prepared, and the other side was checked with AFM after the THF-vapor treatment for 10 
hrs). 2D AFM height images of the gradient Comb BCP stripes before and after the THF-
vapor annealing are shown in Figure 49(b). Over large area, hundreds of straight lines with a 
gradient fashion formed a striking contrast to local stripe-looking of the concentric rings 
formed over small areas. A very thin monolayer of Comb BCP molecules was formed in the 
area between adjacent stripes due to association of hydrophilic end group of the backbone 
polymer with the silicon native oxide surface during the slip process. Similar observation was 
detected in case of PS-b-PMMA diblock copolymer thin film produced by other evaporative 
patterning skill.17-18 Notably, the center-to-center spacing between adjacent stripes, λC-C, the 
width of the stripe, w, and the height of the stripe, h, clearly decreased as the contact line of 
evaporating solution approached to the wedge/Si contact center, from λC-C = 4.8 µm, w = 3.8 
µm, and h = 22 nm at X1 = 3100 µm, to 4.5 µm, 3.5 µm, and 19 nm at X2 = 2950 µm, to 4.1 
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µm, 3.2 µm, and 17 nm at X3 = 2800 µm,  to 2.8 µm, 2.3 µm, and 15 nm at X4 = 2650 µm, to 
3.1 µm,  2.4 µm, and 12 nm at X5 = 2500 µm, respectively. Gradient trend of the Comb BCP 
stripes is originated from the interplay of the competition between linear pinning force and 
nonlinear capillary force, and decreasing surface separation at the liquid-vapor interface of 
the solution due to tilted surface topology of the upper wedge lens as the evaporation process 
proceeds.28  
Interestingly, after subsequent THF-vapor annealing process, obvious morphological 
changes in the width and height of the stripe occurred, whereas the center-to-center spacing 
between two neighboring stripes was not changed over the whole deposition area (Figure 
50(a)). The width and height of the stripe at five regions were w = 1.8 µm and h = 44 nm at 
X1 = 3100 µm, 1.6 µm and 41 nm at X2 = 2950 µm, 1.4 µm and 36 nm at X3 = 2800 µm, 1.3 
µm and 34 nm at X4 = 2650 µm, and 1.1 µm and 31 nm at X5 = 2500 µm, respectively. As 
shown in Figure 50(b-d), after THF-vapor annealing for 10 hrs, the mean heights of the 
stripes were approximately twice greater than the initial heights of the stripes as prepared, 
and simultaneously the widths of the stripes became noticeably narrower due to surface 
tension-driven shrinkage during the THF-vapor treatment. 
Highly ordered, gradient Comb BCP stripes prepared on a bare silicon surface (i.e., 
by controlled evaporation-induced self-organization in the wedge-on-flat geometry were 
substantially solvent-annealed for 10 hrs in a sealed jar with saturated THF vapor in order to 
achieve the lateral ordering of cylindrical nanodomains confined within microscopic straight 
line patterns. As shown in Figure 51(a)-(e), disordered or/and partially ordered morphologies 
in the early stage right after evaporative patterning process were transformed into 
  
hierarchically ordered morphologies via THF
microscopic gradient Comb BCP stripes at five different positions (i.e., 
Figure 50 Gradient fashion 
between the adjacent stripes, 
0.25 mg mL-1, are plotted as a function of 
as prepared Comb BCP stripes and 10 hr
representative regions. AFM real profile (as prepared; open rectangl
annealed; open circles) and corresponding Gauss fit (as prepared; red
line, and 10 hr-annealed; blue
intermediate region: c, and innermost region: d. During the THF
Comb BCP straight lines were shrunken in the width and simultaneously swollen in the 
height during a surface tension
It is significantly worthy to note that hierarchically structured block copolymer thin 
film can be precisely and controllably patterned without neither lithographic technique nor 
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-vapor assisted self-assembling process within 
X1 - X
of the Comb BCP stripes. (a) The center-to-center distance
λC-C, (closed rectangles), obtained at the concentration, 
Xn (n = 1-5). (b-d) Cross-sectional profiles in 
-vapor annealed stripes at three 
es, and 10 hr
-colored line) obtained at outermost region: b, 
-vapor treatment,
-driven dewetting process.
5 → X1’ - X5’). 
 
s 
c = 
-
-colored solid 
 the 
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additive surface neutralization using a random copolymer brush to provide identical 
interfacial tensions for each block. However, arrangement of cylindrical nanodomains 
formed in the Comb BCP stripes was less ordered than that of the casted film or spin-coated 
film. This is presumably due to possible thickness modulation of the stripe patterns 
introduced by evaporative self-assembling process and effect of residual solvent trapped for 
longer time in the post-contact line area (i.e., left-hand side of the stripe) on microphase 
separation in the early stage.  2D AFM phase images captured prior to THF-vapor annealing 
process represent different degree of microphase separation between the initial contact line 
area (i.e., blue-colored dashed line in left panels of Figure 51(a-e)) and the post-contact line 
one (i.e., red-colored dashed line in left panels of Figure 51(a-e)). In the initial contact line 
area, evaporation rate of toluene was considerably sped-up, thereby minimizing toluene 
residue. Otherwise, in the post-contact line area, relatively large amount of residual toluene 
was trapped due to longer stay of the meniscus, thus affecting chain diffusivity and viscosity. 
This observation was deeply related to our previous study on the formation of gradient 
PS/PMMA blend concentric rings.24 As THF-vapor annealing proceeded, ordering of 
cylindrical domains was highly achieved within microscopic gradient stripe patterns and the 
number of confined cylindrical domains decreased proportional to the width of the stripe 
(zoom-up images in Figure 51(a-e)). When the sample was placed into a sealed jar with 
saturated THF vapor, the Comb BCP diffusively became mobile. Since THF selectively 
provides the backbone polymer with slightly enhanced mobility due to similarity in the 
chemical structure between THF and the backbone polymer, the backbone tends to protrude 
from Si/polymer interface to polymer/air interface because of its preferential association with 
THF vapor. With THF-vapor annealing duration, the volume of polystyrene (PS) combs at 
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our AFM observation that most of larger droplets were located at the center of the inter-area. 
Eventually, cylindrical domain structures were confined within circular shaped droplets. 
 Base on AFM measurements, the characteristic average center-to-center spacing 
between neighboring cylinders, L0, and the mean size of nanodomains, D, was observed to be 
125 ± 5 nm, and 85 ± 5 nm, respectively, corresponding to the values (L0 = 130 ± 10 nm and 
D = 87 ± 12 nm) obtained in the bulk system.30-31 Such a smaller domain size distribution in 
comparison with the bulk is probably due to the effect of film thickness variation induced by 
surface tension-driven shrinkage of the stripes during the THF-vapor treatment. During the 
evaporative deposition process (i.e., before THF annealing process), minor components can 
be easily wetted and prepositioned at the initial contact line because of shorter time for 
solvent evaporation compared to the post contact line, at which longer evaporation time of 
toluene possibly affects the chain mobility and viscosity. As the evidence, parallel and 
perpendicular cylinders were mixed around the post contact line, whereas in the initial 
contact line smaller cylindrical morphologies were observed due to prepositioning of minor 
components and insufficient inflow of the components for further phase-separation. This 
observation is very similar with surface reconstruction and reorientation of nanodomains of a 
cylinder-forming block copolymer dominantly governed by the interplay between surface 
fields and confinement effect.34 The hexagonal packing of nanocylinders is generally induced 
by the presence of surfaces in a diblock copolymer thin film annealed by a saturated solvent 
vapor for certain separation distance between the surfaces and strengths of surface-polymer 
segment interactions.35-37  The phase-separation of Comb BCP strongly relies on the volume 
fraction of the densely grafted block, the degree of polymerization of the backbone and the 
arms, and the Flory-Huggins interaction parameter, χ, with similarities to linear diblock 
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copolymers. Based on the ratio of Rz (root-mean square radius), 19.7 nm, and Rh 
(hydrodynamic radius), 13.4 nm measured by light scattering,30-31 it seemed clear that our 
asymmetric Comb BCP adopted random coil configuration in toluene. The ratio of Rz and Rh 
was 1.47, which is evidently less than the typical value of 2.0 for rigid–rod polymers.38 In 
block copolymer self-assembly, the segregation limit between two blocks is determined by 
the degree of polymerization multipled by the Flory-Huggins interaction parameters, χN (i.e., 
the weak segregation at low level of χN and the strong segregation at high level of χN). The 
Comb BCP used in the present study had high degrees of polymerization and was strongly 
segregated. Conformational asymmetry and strong segregation limit of the Comb BCP led to 
in-plane hierarchical ordering of nanocylinders within microscopic gradient stripes. Finally, 
it is worthy to note that hierarchically ordered, gradient Comb BCP stripes are highly 
reproducible and dimensionally tunable. 
Conclusion 
In summary, we have demonstrated a simple and robust tool for creating patterned 
block copolymer thin films. Our approach based on controlled evaporation of capillary-held 
microfluid in the confined geometry composed of the wedge and Si can be easily and cost-
effectively utilized for controlling the lateral ordering of nanoscale domains of block 
copolymers within micrometer scale straight line patterns. Hierarchically ordered, gradient 
Comb BCP stripes were produced via the interplay of a surface tension-driven dewetting and 
spontaneous self-reconstruction of nanodomains during subsequent THF-vapor treatment 
right after evaporative micropatterning process in the wedge-on-flat geometry. This tactical 
and cost-saving approach opens a new avenue to simply construct nanostructure-in-
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microarchitectures within selective area without use of physical or chemical templates and 
additive lithographic prepatterning techniques. Moreover, the use of the wedge-on-flat 
geometry cost-effectively and simply creates parallel deposition of the surfactants, thereby 
overcoming the limitation of the ring-shaped concentric patterns in the practical applications. 
By diversifying the capillary height formed between the upper and the lower surfaces, the 
evaporation flux could be finely tuned and thereby diverse intriguing surface patterns could 
be readily achieved. A wide variety of domain structures in microscopically patterned area 
can be spatially and easily produced by adopting other commercially available block 
copolymers. 
Experimental Section 
Synthesis and Characterization of an Asymmetric Comb BCP. One Comb BCP with a high 
molecular weight was selectively used among a series of Comb BCPs synthesized in 
previous studies.  Molecular weight (MW) and polydispersity (PDI) were precisely measured 
by size exclusion chromatography (SEC) equipped with refractive index and light scattering 
detectors. The molecular weight of polystyrene arms chemically combined with the backbone 
polymer was measured by their selective cleavage with potassium hydroxide (KOH). The 
total molecular weight of Comb BCP, the composition ratio of the blocks, and polydispersity 
(PDI) were 510 kg mol-1, A : B : C = 100 : 1000 : 3740, and 1.08, respectively. The mol 
%/volume fraction ratio of the blocks was A : B : C = 2/0.05 : 21/0.41 : 77/0.54. This 
asymmetric Comb BCP was dissolved in toluene to prepare the Comb BCP toluene solution 
at concentration, c = 0.25 mL-1. Subsequent purification of the solution was conducted with 
0.2 µm hydrophobic membrane filters. 
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Wedge-on-Flat Geometry Setup. A wedge lens made of aluminum and a pristine silicon 
wafer were used for a restricted geometry setup as an upper and a bottom surface, 
respectively. The area of the sides of the upper wedge lens, A, and the wedge height, H, were 
1 × 1 cm2 and was 1.0 mm (1,000 µm), respectively. The bottom Si substrates were cleaned 
by a mixture of sulfuric acid and Nonchromix. Subsequently, they were vigorously rinsed 
with DI water and blow-dried with N2. The contact of wedge with Si was systemically made 
by a computer-programmable inchworm motor with a step motion at micrometer scale in a 
sealed chamber. The use of a sealed chamber was for minimizing air-convection flow and 
maintaining temperature constantly. The capillary-bridge of the Comb BCP toluene solution 
was formed in a confined wedge-on-flat geometry with evaporation rate highest at the edge 
of the capillary, as seen in Figure 48(c). 
Evaluation of Comb BCP Surface Morphologies. The wedge and the Si substrate were 
taken apart after complete evaporation for 30min. Due to the upper slanted surface, only the 
patterns formed on the lower Si surface were thoroughly examined by the optical microscope 
(OM; Olympus BX51 in reflection mode) and atomic force microscopy (AFM; Dimension 
3100 scanning force microscope in tapping mode (Digital instrument)). BS-tap300 tips 
(Budget Sensors) with spring constants ranging from 20 to 75 N m-1 were used as scanning 
probes. The pattern surface was re-scanned over the identical position, Xn (n = 1-5) (Figure 
48(c)), in the same sample for comparison of surface morphologies before and after vapor 
annealing with tetrahydrofuran (THF). 
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CHAPTER 9. MORPHOLOGICAL EVOLUTION IN THE MESOSCALE 
COMB BLOCK COPOLYMER SURFACE PATTERNS ORGANIZED 
VIA CONTROLLED EVAPORATION OF CONFINED MICROFLUIDS: 
SOLVENT ANNEALING AND GEOMETRY EFFECTS 
Modified from a manuscript to be submitted 
Myunghwan Byun, Ned B. Bowden, and Zhiqun Lin 
Abstract 
Here, we demonstrate the controlled evaporative self-assembly of an asymmetric 
comb block copolymer toluene solution in the wedge-on-flat geometry for generating the 
mesoscale surface patterns in a gradient fashion. A periodic family of hierarchically 
structured comb block copolymer surface structures (i.e., straight lines and punch-hole like 
mesh) is described by controlling the dimensional scale of the upper wedge lens, which 
determines the height of capillary bridge. Upon subsequent solvent vapor treatment, 
morphological changes by the interplay of surface tension-driven destabilization at the 
micrometer scale and solvent vapor-induced microphase separation at nanometer scale are 
clearly observed. This facile approach based on the interplay of a surface tension-driven 
destabilization and solvent vapor-induced microphase-separation offers a new platform for 
patterning the block copolymer thin film with various domain structures in a simple, robust, 
and cost-effective manner. 
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Introduction 
Hierarchy is one of the commonplace phenomena throughout nature and technology. 
Complex hierarchical structures possibly serve as templates or platforms for the fabrication 
of integrated circuits (ICs) and microelectro-mechanical systems (MEMS).1-3 Most 
hierarchical surface patterns have been fabricated, however, by destructive lithographic 
techniques that require high processing and maintenance costs, and an iterative, multi-step 
procedure that makes the structure formation process more complex and less reliable. By 
contrast, self-assembling processes combined with dewetting or contact-line 
pinning/depinning phenomena have gained intensive interest as a simple, versatile, 
nondestructive, and time-saving approach for complex structure formation.3-7 Especially, 
evaporation-induced self-assembly of nonvolatile solutes such as polymers, nanocrystals, and 
carbon nanotubes in a drying droplet readily produces a number of concentric “coffee ring” 
like deposits through repetitive “stick-slip” motions of the three-phase contact line.5, 8 
However, in the whole process of the droplet evaporation, lack of control over the 
temperature gradient-induced convective flux and the contact line motions often encounters 
irregular and stochastic surface structures such as “coffee rings”, fingering instabilities,9 and 
polygonal networks.10 In this regard, the challenge still remains to adopt evaporation-induced 
self-assembly as a simple platform for creating size-controllable surface patterns as templates 
for the practical applications in microelectro-mechanical devices such as bio-sensors, 
magnetic storage media, etc. In order to fully and systemically utilize evaporative self-
organization process as a novel, fast, and cost-effective nanofabrication method, the pattern 
diversity and dimensional accuracy should be guaranteed in a tunable and precise manner, 
dispensing with the need for lithography and external fields. To date, a few evolutionary 
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approaches have been applied for achieving precise control over the evaporation process to 
render surface structures well-regulated and manifold.7, 11-19 Hence, controlled evaporation of 
a drop of block copolymer in confined geometries can lead to self-assembly of hierarchically 
ordered structures as the patterned nanotemplates over large areas in a simple and cost-saving 
manner.16  
To date, template-assisted self-assembly using topographically20-21 or chemically 
patterned surface,22-26 and nanoimprinted substrates27 have been applied for obtaining a 
precise control over long-range ordering of block copolymer nanodomians. However, all 
these physically and chemically patterned templates as well as imprinting tools, in general, 
require complicated multi-step procedures as well as high fabrication cost. In contrast, 
dewetting process of evaporative solution droplets can be utilized as a simple patterning 
technique to prepare patterned block copolymer films, dispensing with the need for external 
fields or lithography techniques.15, 28-30 However, block copolymer films patterned via 
evaporation-induced self-assembly are almost at tens of micrometers16, 28-30 (i.e., may not be 
desirable for acquiring the confined ordering of nanodomains ranging from 10 to 100 nm in 
the hierarchically ordered structure formation) or necessarily need an additive surface 
neutralization.28-29  
Big advances in the polymerization techniques allow the synthesis of new polymeric 
materials with multifarious, complicated molecular architectures such as multiblock, 
miktoarm star, and comb polymers.31 Previous studies have demonstrated the synthesis of 
new type block copolymers called comb block copolymers (Comb BCPs) and their 
assemblies with the domain size close to 100 nm.32-33 Since the Comb BCPs possess a 
distinguishable molecular conformation in comparison with a linear block copolymer, their 
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unique self-assembly is still under investigation. Peculiarly, the Comb BCPs have one block 
combined with regularly and densely spaced polymeric arms that determine the overall 
molecular weight. Possible steric crowding between the polymeric arms may lead to 
elongation of the backbone polymer, thus determines the shape of the block, which is 
presumably either a globular random coil or rigid rod.32-33 The Comb BCP can be recognized 
as either a triblock or a diblock copolymer due to the section of polymeric arms chemically 
bonded with the backbone polymer (Figure 52(a) and 52(b)). Although the polystyrene arms 
evidently affect the reptation of the constituent blocks, Comb BCPs can be readily assembled 
into ordered morphologies because of the sizes of the backbone polymers analogous to those 
of linear block copolymers.32-33 
Herein, our main scope in the present study is placed on generating spatially well-
defined Comb BCP surface patterns via controlled evaporation process at microscopic level, 
and to ultimately investigating time-dependent hierarchical structuring of the confined 
domains in the mesoscale stripes via the interplay of a surface tension-driven dewetting and 
solvent vapor-induced microphase-separation. The controlled evaporative self-assembly of 
an asymmetric Comb BCP solution was arbitrarily enforced in a restricted geometry 
composed of a wedge-shaped lens on a flat solid substrate that yielded configurational 
transformation of the meniscus from symmetric circular shape to asymmetric rectangular one 
(Figure 52(c)). In the event, ring like stains were converted into stripe like deposits parallel to 
the contact center of the meniscus. Different feature size of the upper wedge lens strongly 
influenced the velocity of the meniscus movement in the capillary bridge. In the event, for 
the higher capillary bridge between the upper wedge and bottom surface, evaporative Comb 
BCP molecules were self-organized into stripes, whereas for the smaller capillary bridge 
  
curvy stripes with periodic bumps were generated. With subsequent solvent vapor treatment, 
the above mentioned mesoscale surface patterns were microscopically destabilized by surface 
tension-driven dewetting based on the unfavorable interfacial interaction between one block 
and the substrate, and simultaneously the Comb BCP nanodomains were rearranged by their 
reorientation perpendicular or parallel to the substrate strongly depending on diffe
durations of solvent vapor treatment.
Figure 52 (a) Chemical structure of a 
A, with chemically bonded long polystyrene combs, C, and the other block, B with 
chemically bonded short ester arms. (b) 
emphasize the chemical attachments of the long polystyrene 
arms along each block of the backbone polymer.
formation of gradient Comb BCP
trapped in a restricted geometry consisting of a wedge
and a flat Si substrate as the bottom surface, forming the capillary bridge (
section and left panel in lower section;
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lens). As the contact line of the trapped solution retracted toward the center of the 
wedge/Si contact by successive controlled “stick-slip” motions of the meniscus, gradient 
stripes of Comb BCP started to form (side view, middle panel in lower section; the solid 
arrows below the upper wedge surface denote movement of the solution front toward 
the contact center of a wedge/Si). Gradient Comb BCP stripes over large areas were 
formed onto a pristine Si substrate after complete evaporation (side view, right panel in 
lower section; Xn indicates the position away the wedge/Si contact center.). 
Results and Discussion 
An asymmetric comb block copolymer with ultra-high molecular weight (MW = 510 
kg mol-1) was selected as the nonvolatile element. The choice of system was motivated by 
self-assembly of an ultrahigh molecular weight block copolymer into hierarchically 
structured microscopic stripe patterns with domain size close to 100 nm without the need for 
additives and their potential applications in optoelectronic systems.32-33 The Comb BCP 
toluene solution was loaded in the restricted wedge-on-flat geometry to form a capillary-held 
microfluid; thus, the evaporation of toluene was expectedly enforced at the terminus of the 
capillary bridge (Figure 52(c) and the Experimental section).18 Two kinds of the upper wedge 
lenses with varying heights of the capillary bridge at the liquid/vapor interface, H (i.e., 1 mm 
(1,000 µm), and 0.5 mm (500 µm); left panel in Figure 52(c)), were applied for investigating 
the geometry effect on the pattern formation. As the distance between the upper wedge and 
Si decreased (i.e., from 1 mm to 0.5 mm), the velocity of the meniscus movement (i.e., the 
liquid-vapor interface) in the capillary bridge was suppressed due to retardation of 
evaporation. The higher rate of evaporative mass loss of toluene near contact line induced the 
transportation of Comb BCP molecules to the perimeter of the confined droplet, preventing 
the capillary bridge from shrinkage or break-up.18 Spontaneous accumulation of the Comb 
BCP molecules at the edge successively appeared as gradient straight line patterns from the 
larger capillary bridge (i.e., stable “stick-slip” motion) and saw-tooth like structures from the 
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smaller capillary bridge (i.e., unstable “stick-slip” motion combined with fingering 
instabilities). During the evaporative patterning process of the Comb BCP, the initial contact 
angle of the meniscus at the capillary edge gradually decreased to a critical value due to the 
continuous evaporation of toluene, causing the capillary force (i.e., depinning force) to 
become larger than the pinning force.18 This caused the contact line to recede toward the 
contact center and to be fixed at a new position (i.e., “slip” motion).18 Consecutive periodic 
“stick-slip” cycles of the receding contact line with a rectangular shape due to the upper 
wedge lens led to the formation of spatiotemporal stripe patterns of the Comb BCP with a 
gradient fashion in a line spacing.15 It is noteworthy that a pristine silicon substrate was 
applied as the lower stationary surface without additive chemical modification (i.e., surface 
neutralization thru random copolymer brush layer deposition). The characteristic dimensions 
of the Comb BCP gradient stripes were mainly influenced by the solution concentration. In a 
typical sample before solvent annealing process, the pattern width, w, was at micrometer 
scale (wmax < 6 µm) and the pattern height, h, was at nanometer scale (hmax < 25 nm). After 
subsequent solvent annealing process with saturated tetrahydrofuran (THF) vapor, the 
dimensional scale of the Comb BCP stripe patterns dramatically changed. 
Solvent Annealing Effect: A Comb BCP toluene solution with the concentration of 0.25 mg 
mL-1 was trapped in the confined wedge-on-flat geometry with separation distance of 1 cm 
(Figure 53(a)). After complete evaporation of toluene, Comb BCP stripes were deposited 
onto two surfaces of the upper wedge and bottom Si. Subsequently, the solvent annealing 
process using saturated THF vapor was conducted on the resulting Comb BCP stripes. With 
varying duration of the THF-vapor treatment, topological changes dramatically took place 
inside and outside regions of the Comb BCP stripes as illustrated in Figure 53(b). Figure 54 
  
represents optical micrographs of well
long side of the contact line before 
(Figure 54(b) and 54(c)).  
Figure 53 (a) Schematic illustration
substrate as the bottom surface and a wedge lens as the upper
mm. (b) Schematic cartoons illustrating the morphological evolution of the Comb BCP 
stripes upon stepwise solvent vapor annealing; top left view: as prepared, top right 
view: 5 hr-annealed, bottom right view: 10 hr
The surface coverage of the straight line patterns strongly depends on the 
dimensions of the wedge lens, reflecting the 
the contact line with the geometric order 
Closer AFM measurements uncovered that the 
strictly repetitive in terms of pattern width, 
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Figure 54 (a) Optical micrograph of the Comb BCP stripes formed via 
induced self-assembly in a wedge
bar = 30 µm. (b) Corresponding optical micrograph of the Comb BCP stripes after 
solvent vapor annealing for 10 hrs. 
was improved compared to as
optical micrograph of the marked area with a blue
Optical micrograph of the Comb BCP stripes after solvent vapor annealing for 
Scale bar = 30 µm. Arrow
Representative AFM height imag
intermediate (X2), and innermost (
solid arrow in the right-hand side
center spacing between the adjacent stripes, 
stripes, w and h, decreased with increasing vicinity to the wedge/Si contact center (i.e., from 
the outermost X1 to the intermediate 
distance away from the wedge/Si contact center area that is marked in the right panel of 
Figure 52(c)), respectively. This observation is deeply 
linear pinning force and the nonlinear capillary force.
w, and h of the Comb BCP stripes 
retreated from the capillary edge to the wedge/Si contact center (i.e., from 
dimensions of the resulting stripes, 
3.31 µm, and h = 21 nm (X1 = 3100 
2800 µm) to λC-C = 3.7 µm, w = 2.
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-on-flat geometry before THF vapor annealing
Visible lucidity of the Comb BCP gradient stripes
-prepared stripes (a). Scale bar = 50 µm. Inset
-colored dashed line in (b). 
s indicate the moving direction of the contact line.
es taken at three regions named outermost (
X3) on the basis of the direction marked with a red
 panel of Figure 52(c). Remarkably, the average 
λC-C, and the mean width and height 
X2 and to the innermost region X3, where 
attributed to competition between the 
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changed as a function of Xn. As the evaporation front 
λC-C, w, and h, dwindled down from λC-
µm) to λC-C = 4.5 µm, w = 2.93 µm, and 
57 µm, and h = 14 nm (X3 = 2500 µm)
 
evaporation-
. Scale 
 
: Zoom-up 
(c) 
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X1), 
-colored 
center-to-
of the 
Xn is the 
dimensions, λC-C, 
X1 to X3), three 
C = 5.2 µm, w = 
h = 18 nm (X2 = 
 (Figure 55; “as 
  
prepared”). The dimensional scale of the Comb BCP stripes can be 
concentration. At higher concentration of 0.5 mg mL
stripes were observed to be 
supporting information, Figure 
Figure 55 AFM investigation on structural changes of 
upon stepwise THF vapor treatment. 
captured at three regions with different duration of THF vapor treatment; First 
section: as prepared (i.e., 0 hr), Second 
annealed, and Fourth section
mean height and width of the stripes, 
constant center-to-center distance between the adjacent stripes, 
µm2. Arrows indicate the moving direction of the 
The Comb BCP stripe
wedge-on-flat geometry were
morphological reconstruction 
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tuned
-1
, the λC-C, w, and h of the 
approximately twice the stripes from 0.25 mg mL
56 and Figure 57).  
the Comb BCP gradient stripes 
3D-AFM height images of the Comb BCP stripes 
section: 5 hr-annealed, Third section
: 15 hr-annealed. With THF vapor treatment ti
h and w, dramatically changed, maintaining 
λc-c. Scan size = 2
contact line during th
evaporation. 
s prepared by controlled evaporative self-organization in the 
 treated in the saturated THF vapor for different times. The 
of Comb BCP nanodomains inside mesoscale straight line 
 by the solution 
Comb BCP 
-1
 (See the 
 
: 10 hr-
me, the 
0 × 20 
e solvent 
  
patterns with a gradient fashion 
investigated by successive AFM imaging over the 
annealing time (i.e., as prepared, 
corresponding to three regions, 
before and after the THF annealing step. 
Figure 56 (a) Representative optical micrographs demonstrating highly ordered, 
gradient Comb BCP straight line patterns over large areas
= 0.5 mg mL-1. (b) AFM height images and corresponding c
Comb BCP stripes obtained from five regions
position away the wedge/Si contact center
outermost and intermediate, 
and innermost, X2 ~ X3, and innermost region, 
indicates the moving direction of the 
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on different duration of THF-vapor annealing was fully 
same position treated 
5 hr-, 10 hr-, and 15 hr-, respectively). All AFM images 
X1, X2, and X3, were captured at each same position, 
 
 from higher concentration, c 
ross-sectional 
 determined by position, 
): outermost, X1, inter-area between 
X1 ~ X2, intermediate, X2, inter-area between intermediate 
X3. Scan size = 80 × 80 µ
contact line during the solvent evaporation.
with different 
Xn, 
 
views of 
Xn (Xn is the 
m2. An arrow 
 
  
Figure 57 Gradient fashion 
= 0.25 (a and b) and 0.5 
distance between the adjacent stripes, 
stripes, w (open squares) obtained from two concentrations, c = 0.25
are plotted as a function of 
triangles) obtained from two concentrations, c = 0.25
function of Xn (i.e., the position away the wedge/Si contact center
features of the Comb BCP stripes at higher concentration, c = 
two times from half
First of all, upon the 
stripes dramatically underwent 
increasing duration of the THF vapor
three regions swelled up from 21
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of Comb BCP stripes obtained at different concentration
mg mL-1 (c and d). a and c: The average center
λC-C, (open circles), and the mean 
 and 0.5 
Xn. b and d: The mean height of the stripes, 
 and 0.5 mg mL-1, is
). All dimensional 
0.5 mg mL
-diluted concentration, c = 0.25 mg mL
stepwise solvent annealing process, the Comb BCP gradient 
structural changes at the microscopic level scale. 
 treatment, the mean height of the stripe
 nm for 0 hr, to 34 nm for 5 hrs, to 62 nm
 
s; c 
-to-center 
width of the 
mg mL-1, 
h (solid reverse 
 plotted as a 
-1
, were closely 
-1
. 
With 
s formed at 
 for 10 hrs and 
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then collapsed down to 28 nm for 15 hrs at outermost region, X1, from 18 nm for 0 hr, to 30 
nm for 5 hrs, to 51 nm for 10 hrs, to 23 nm for 15 hrs at intermediate region, X2, and from 14 
nm for 0 hr, to 26 nm for 5 hrs, to 44 nm for 10 hrs, to 17 nm for 15 hrs at innermost region, 
X3, respectively (Figure 55 and Figure 58(a)). Otherwise, the mean width of the stripes 
formed at three regions shrank down from 3.31 µm for 0 hr, to 2.41 µm for 5 hrs, to 1.4 µm 
for 10 hrs, to 1.3 µm for 15 hrs at outermost region, X1, from 2.93 µm for 0 hr, to 1.99 µm for 
5 hrs, to 1.02 µm for 10 hrs, to 0.98 µm for 15 hrs at intermediate region, X2, and from 2.57 
µm for 0 hr, to 1.68 µm for 5 hrs, to 0.86 µm for 10 hrs, to 0.78 µm for 15 hrs at innermost 
region, X3, respectively (Figure 55 and Figure 58(b)). Such these dimensional changes of the 
line-patterned Comb BCP thin film was driven by a surface energy-mediated dewetting 
induced by the unfavorable interfacial interaction between PS combs and hydrophilic Si 
surface during vapor annealing. When the sample is placed into a Teflon-made jar with 
saturated THF vapor, the Comb BCP molecules can be diffusively mobile. Since THF 
selectively provides the backbone polymer with slightly enhanced mobility due to similarity 
in the chemical structures between THF and the backbone polymer, the backbone polymer 
tends to protrude from hydrophilic Si/polymer interface to polymer/air interface because of 
its preferential association with THF vapor. As the volume of PS combs at lower hydrophilic 
Si surface increases with longer annealing time, the stripes can be easily shrunken since PS 
has strong tendency to dewet onto hydrophilic silicon surface,34 thereby transforming into 
narrower and thicker stripes in the width and height (as prepared, 5 hr-, and 10 hr-annealed; 
Figure 55 and Figure 58). Interestingly, during even longer annealing treatment (i.e., for 15 
hrs; fourth row in Figure 55 and Figure 58), contraction of the stripes parallel to the line axis 
slightly occurred, whereas agglomeration of the blocks inside the straight line patterns 
  
spontaneously took place, causing the mean height of the stripes to decrease
distributed bumps. After extremely longer duration of the THF
hrs), the Comb BCP stripes was broken into randomly dispersed huge droplets with terrace 
substructures by surface tension
Figure 58 Dimensional changes of the 
duration. With THF vapor treatment time, the mean height and width of the stripes, 
and w, dramatically changed, maintaining constant center
the adjacent stripes, λc-c. (a) The 
Xn. (b) The mean width of the stripes, 
Figure 59 (a) AFM height image of the Comb BCP droplet with terrace
substructures.  Arrows indicate each layer; red = 1
= 4th. (b) Cross-sectional analysis correspon
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More remarkable observation can be derived from the morphological evolution of 
very thin Comb BCP film formed at inter-area between the adjacent stripes during the THF-
vapor treatment. The deposition of continuous cellular network structures in the inter-stripe 
area may be rationalized as follows. The backbone polymer can be laterally stretched and 
preferentially adsorbed to the hydrophilic, silicon native oxide surface due to the short range 
interfacial interaction during the ‘slip’ process, thus forming an extremely thin continuous 
liquid film. Subsequently, with further evaporative depletion of toluene in this region, the 
increased contribution from the unfavorable interactions between the PS combs and the 
hydrophilic Si surface can drive the formation of interconnected network structures, which 
are interestingly analogous to a surface morphology of the Comb BCP thin film produced by 
the Langmuir Blodgett (LB) technique.37 After subsequent THF treatment for 5 hrs, these 
cellular network-like structures, similarly recognized as bicontinuous spinodal decomposition 
patterns, were converted into small, but randomly distributed islands by the material transport 
from the valleys (i.e., thinner regions) to the ridges (i.e., thicker regions), showing an 
increase in the film height from 4.9 nm (i.e., as prepared; Figure 60(a)) to 9.3 nm (i.e., 5 hr-
annealed; Figure 60(b)). With the longer vapor treatment for 10 hrs, irregular island 
structures were changed into circular droplets to avoid energetically unfavorable in-plane 
distortion, and simultaneously coarsened by the growth of larger droplets at the expense of 
smaller satellite droplets (Figure 60(c)) that caused the droplet to increase the height by 21.0 
nm. Such this coarsening process can be explained by Oswalt Ripening mechanism based on 
merger of neighboring small droplets due to Laplace pressure that induces viscous flow from 
the smaller to bigger droplets.34, 38 Upon much longer THF-vapor treatment for 15hrs, the 
droplets were slightly shrunken and then bridged droplet structures appeared due to diffusive 
  
migration of smaller droplets, leading to a slight increase in the height from 21.0 nm to 23.8 
nm (Figure 60(d)). 
Figure 60 Morphological evolution
between the adjacent stripes
prepared, (b) 5 hr-annealed,  (c) 10 hr
increasing duration of the THF
transformed to islands 
respectively. The film thickness increased from 4.9 nm, to 9.3 nm, to 21.0 nm, and to 
23.8 nm with increased annealing time. Scan size = 
correspond to red
Secondly, the spontaneous 
THF vapor-annealing steps. 
prepared), featureless, but partially microphase
due to insufficient microphase
separated domains is presumably due to retarded evaporation that makes the blocks slightly 
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 of very thin Comb BCP film formed at inter
 during the THF-vapor treatment. (a) for 0 hr; as 
-annealed, and (d) 15 hr-annealed. With 
-vapor treatment, cellular network structures (a) were 
(b), to circular droplets (c), and to bridged droplets (d), 
2 × 2 µm2. Cross-sectional views 
-colored dashed lines. 
rearrangement of nanocylinders occurred 
In the early stage prior to the THF-vapor treatment (i.e., as 
-separated morphologies partially appeared 
-separation time. The local distribution of 
 
-area 
upon gradational 
microphase-
  
mobile, similarly to the phase
solution observed in our previous study.
hr, to 5 hrs, to 10 hrs, and 
obtained perpendicular or parallel 
Figure 61 Morphological 
asymmetric Comb BCP 
annealing process. AFM phase images of 
microscopic gradient Comb BCP gradient stripes captured at 
left section; as prepared) and after different duration of the THF
(right sections; 5hr-, 10hr
Transitional ordering of C
(post-contact line side; left
dashed line) and partial-packing of nanocylinders 
side of the line axis; marked with a red
incompletely microphase
cylinders dramatically occurred in 
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 By varying solvent annealing duration
to 15 hrs), hierarchical ordering of cylindrical domains 
to the surface within mesoscale stripe patterns (Figure 
evolution of hierarchically ordered nanostructures of 
confined in microscopic gradient stripes via THF
nanodomain structures self-
three regions 
-vapor treatment 
-, and 15hr-annealed) were analytically compared. 
omb BCP domains from featureless worm-like structures
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(initial contact line side; right
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and X3. Scan size = 5 × 5 µm2.  Arrows indicate the moving direction of the contact line 
during the solvent evaporation. 
For the 5 hr-annealed sample, cylindrical domain structures normal to the substrate 
were mingled with incompletely microphase-separated regions.  Longer exposure of the 
sample to saturated THF vapor pressure for 10 hrs led to the formation of hexagonally 
packed nanocylinders confined within mesoscale stripe patterns formed at three regions 
(Figure 61). Even longer duration of THF vapor treatment for 15 hrs caused perpendicular 
nanocylinders to lay down with parallel orientation to the substrate (Figure 61). When the 
solvent treatment duration exceeded 15 hrs (i.e., after 20 hr-annealing), the stripes 
disappeared and huge droplets with terraces were randomly formed (Figure 60). Such 
morphological transition was similarly observed in micrometer scale droplets formed at inter-
area between adjacent stripes (Figure 60). The characteristic average center-to-center spacing 
between neighboring cylinders, L0, and the mean size of nanodomains, D, was observed to be 
125 ± 5 nm, and 85 ± 5 nm, respectively, corresponding to the values (L0 = 130 ± 10 nm and 
D = 87 ± 12 nm) obtained in the bulk system.32-33 The small inconsistency in domain size 
distribution in comparison with the bulk is probably due to the effect of film thickness 
variation induced by surface tension-driven shrinkage of the stripes during the THF-vapor 
treatment. During the evaporative deposition process (i.e., before THF annealing process), 
minor components (i.e., A and B blocks consisting of the backbone polymer) with lower 
volume fractions can be easily wetted and prepositioned at the initial contact line (i.e., right-
hand side of the stripe; marked with a red-colored dashed line in Figure 61) because of 
shorter time for solvent evaporation compared to the post contact line (i.e., left-hand side of 
the stripe; marked with a blue-colored dashed line in Figure 61), at which longer evaporation 
time of toluene possibly affects the chain mobility and viscosity. As the evidence, parallel 
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and perpendicular cylinders were mixed around the post contact line, whereas in the initial 
contact line smaller cylindrical morphologies were observed due to prepositioning of minor 
components and insufficient inflow of the components for further phase-separation. This 
observation is very similar with surface reconstruction and reorientation of nanodomains of a 
cylinder-forming block copolymer dominantly governed by the interplay between surface 
fields and confinement effect.39 
The spatial organization of perpendicular or/and parallel nanocylinders was made by 
the solvent annealing in a closed receptacle saturated with THF vapor. In marked contrast 
with thermally equilibrated block copolymer thin film morphologies, Comb BCP surface 
patterns hierarchically organized via the solvent vapor annealing process may be far from 
equilibrium state. The saturated THF vapor effectively enhances the diffusivity of each block 
and lower film viscosity. The hexagonal packing of nanocylinders is generally induced by the 
presence of surfaces in a diblock copolymer thin film annealed by a saturated solvent vapor 
for certain separation distance between the surfaces and strengths of surface-polymer 
segment interactions.40-41 The phase-separation of Comb block copolymers strongly relies on 
the volume fraction of the densely grafted block, the degree of polymerization of the 
backbone and the arms, and the Flory-Huggins interaction parameter, χ, with similarities to 
linear diblock copolymers. Our Comb BCP behaves at some level like a linear diblock 
copolymer because one block is the polymer composed of the short ester arms and monomer 
N along the backbone polymer, and the other block consists of the longer polystyrene arms 
and monomer M along the backbone. Based on the ratio of Rz (root-mean square radius), 19.7 
nm, and Rh (hydrodynamic radius), 13.4 nm measured by light scattering,32-33 it seemed clear 
that our asymmetric Comb BCP adopted random coil configuration in toluene. The ratio of 
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Rz and Rh was 1.47, which is evidently less than the typical value of 2.0 for rigid –rod 
polymers.42 In block copolymer self-assembly, the segregation limit between two blocks is 
determined by the degree of polymerization multipled by the Flory-Huggins interaction 
parameters, χN (i.e., the weak segregation at low level of χN and the strong segregation at 
high level of χN). The Comb BCP used in the present study had high degrees of 
polymerization and was strongly segregated. Conformational asymmetry and strong 
segregation limit of the Comb BCP led to in-plane ordering of perpendicular and parallel 
nanocylinders confined in micro-to-nanometer sized stripes with gradient fashion in well-
defined dimensional scale. 
Geometry Effect: The micropattern formation via evaporation-induced self-assembly of the 
Comb BCP solution in the wedge-on-flat geometry can be strongly influenced by 
dimensional feature size of the upper geometry, which can lead to different evaporation rate 
of the confined solution owing to the height variation of the capillary bridge. By reducing the 
height of capillary bridge from 1.0 mm (Figure 53(a)) to 0.5 mm (Figure 62(a)), a periodic 
family of jagged stripes that seemed like saw-tooth like surface patterns was deposited by 
controlled evaporation of the Comb BCP solution in the wedge-on-flat geometry (Left panel 
in Figure 62(b)). In the marked comparison with the straight line patterns, lateral bumps were 
formed as the height of capillary bridge decreased. This simply implies that the evaporation 
rate of toluene in the wedge-on-flat geometry was retarded due to the narrower gap between 
the upper wedge lens and lower stationary flat Si surfaces, which possibly causes the moving 
speed of the meniscus at the capillary edge to be relatively decelerated.17 A slower velocity 
of the meniscus with increasing vicinity to the contact center of the wedge/Si may enhance 
the unfavorable interfacial interaction between the polystyrene (PS) combs and the Si 
  
substrate covered by very thin native oxide layer (i.e., PS shows a strong tendency to dewet 
onto a hydrophilic solid surface owing to its positive value of the Hamaker constant, 
As a result, a periodic set of the fingering and budding that can be determined by th
tension-driven Rayleigh instability and the local variation of polymer concentration at the 
three-phase contact area was generated.
tooth like fingers emerged at both sides of a stripe due to the spontaneous competition 
between the “stick-slip” motion of the three
induced fingering instabilities of the stripes.
an increasing vicinity to the contact center of the wedge/Si, the fingers at the three
contact line were slightly dragged inward and thus the saw
Figure 62 (a) Schematic illustration
substrate as the bottom surface and a wedge lens as the upper surface with height of 0.5 
mm. (b) Schematic cartoons illustrating the morphological evolution of the Comb BCP 
stripes upon stepwise solvent vapor annealing; top left view: as prepared, top right 
view: 5 hr-annealed, bottom right view: 10 hr
A representative optical micrograph is shown in Figure 
patterns of Comb BCP taken at the inter
(i.e., X1-X2). Subsequently, upon the THF
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14, 17
 As the solution front propagated inward, saw
-phase contact line and the surface tension
14, 17
 During the “slip” motion of the meniscus in 
-tooth like structures were formed. 
 of the confined geometry composed of a flat Si 
-annealed, and bottom left view: 15 hr
annealed. 
63(a), describing the 
-area between outermost and intermediate regions 
-vapor annealing, these jagged stripes with saw
A.).34, 43 
e surface 
-
-
-phase 
 
 
-
surface 
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tooth like fingers were transformed into a microscopic mesh structure. 
treatment proceeded, face-to-
diffusive transportation of mobile components, and then formed a webby network structure 
containing ellipsoidal microholes (middle panel in Figu
annealing time, the mean size of the ellipsoidal microholes, slightly increased (Figure 
Figure 63(b) and 63(c)) by surface tension
interfacial interaction between the PS combs and the Si substrate. 
Figure 63 (a) Optical micrograph of the Comb BCP jagged stripes formed via 
evaporation-induced self
annealing. Scale bar = 30 µ
stripes after solvent vapor annealing for 16 hrs. 
surface patterns was improved compared to as
of the Comb BCP were converted into the ellipsoidal microhole mesh structure
bar = 50 µm. (c) Zoom-up optical micrograph of the marked area with a blue
dashed line in (b). Scale bar = 30 
Figure 64 shows representative AFM images of the time
ellipsoidal mesh microstructures with varying duration of the THF
of two characteristic radii in the ellipsoidal
shortest diameters of the ellipsoidal microhole; Figure 
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As the THF
face fingers at both sides of a stripe were bridged each other by 
re 62(b)). Upon longer THF
-driven dewetting due to the unfavorable 
 
-assembly in a wedge-on-flat geometry before 
m. (b) Corresponding optical micrograph of the Comb BCP 
Visible lucidity of the 
-prepared stripes (a) and jagged stripes 
µm. An arrow indicates the moving direction of the 
contact line. 
-development of well
-vapor treatment. The ratio 
 microholes, df/ds (df and ds: the longest and 
64(a)), slightly increased from 2.92 
-vapor 
-vapor 
62, and 
 
THF vapor 
Comb BCP 
. Scale 
-colored 
-ordered 
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(i.e., df = 3.5 µm and ds = 1.2 µm for 12 hr-annealing; Figure 64(b), 64(e), and 64(h)) to 3.76 
(i.e., df = 7.9 µm and ds = 2.1 µm for 16 hr-annealing; Figure 64(c), 64(f), and 64(i)). This 
transition mode can be theoretically supported by the morphological evolution in a block 
copolymer thin film with a thickness value below the mean domain spacing.44 Microscopic 
holes or islands from an initially disordered block copolymer film can occur by a process 
similar to spinodal decoposition.45 These holes or islands can be thermodynamically driven 
to coarsen by a change of the line tension at their edges.44 The local radius of the hole is 
inversely proportional to a negative chemical potential, µhole, and directly proportional to a 
edge line tension, γedge, of the block copolymer at the edge of the hole (i.e., a positive 
chemical potential for the island), given by, rU3 s  "3Tt3/urU37, where γedge is the 
edge surface tension of each hole, and ρ is the mer number density.44  
Together with the morphological transition at micrometer scale, nanometer scale 
domains were simultaneously reconstructed perpendicular and parallel to the substrate upon 
stepwise THF-vapor annealing. Within microscopic ellipsoidal mesh patterns, disordered and 
featureless surface morphologies at the early stage were gradually restructured to mixed 
morphologies of perpendicular and parallel cylinders for 12 hr-annealing, and to parallel 
cylinders for 16 hr-annealing. Very similarly to the stripes described in the previous section, 
inside ellipsoidal microholes, a very thin Comb BCP film dewetted and formed circular 
droplets containing parallel nanocylinders. The characteristic average center-to-center 
spacing between neighboring cylinders, L0, and the mean size of nanodomains, D, was 
observed to be 125 ± 5 nm, and 85 ± 5 nm, which were identical to the values obtained from 
the stripes discussed beforehand. 
  
Figure 64 The AFM investigation 
patterns from jagged stripes to ellipsoidal microhole mesh
treatment. AFM height images of the 
different duration of THF vapor treatment
annealed, (c) 16 hr-annealed. With THF vapor treatment time, 
characteristic lengths of the ellipsoidal microhole
size = 60 × 60 µm2. Arrows
solvent evaporation. Morphological 
ellipsoidal microhole mesh via THF
images of nanodomain structures
vapor treatment (i.e., (d) and (g) as prepared, (e) and (h) 12 hr
16 hr-annealed) were analytically compared. Transitional ordering 
domains from disordered, 
vertical and parallel cylinders, to parallel c
176 
on structural changes of the Comb BCP 
 upon stepwise THF vapor 
Comb BCP stripes captured at three regions with 
. (a) as prepared (i.e., 0 hr), 
two kinds of 
, ds and df, dramatically changed. Scan 
 indicate the moving direction of the contact line
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Conclusion 
In summary, the mesoscale surface patterns were generated in a gradient fashion by 
controlled evaporative self-assembly of the asymmetric Comb BCP toluene solution in the 
wedge-on-flat geometry. Drying-mediated self-assembly of the Comb BCP toluene solution 
in the wedge-on-flat geometry created two distinctive surface structures, which was 
sensitively influenced by the feature size of the upper surface. For larger height of the 
capillary bridge, well-ordered stripes were formed parallel to the contact of the wedge/Si by 
the stable “stick-slip” motion, whereas for smaller one, instead of the straight lines, saw-tooth 
like stripes were produced by the unstable “stick-slip” motion combined with the fingering 
instability. These complex self-assembled structures were hierarchically reformed via the 
direct interplay between surface tension-driven dewetting and solvent vapor-induced 
microphase separation. The dimensional characteristics of the Comb BCP surface structures 
were dramatically changed at the microscopic level by a surface tension-mediated 
destabilization process and simultaneously nanodomains were rearranged from disordered, 
yet nearly featureless morphology, to perpendicular cylinders to parallel cylinders within the 
mesoscale patterns by THF vapor-driven reconstruction during different duration of solvent 
vapor treatment. The resulting multi-length scale hierarchical structures can be utilized the 
templates for creating the spatially well-defined surface patterns of multifunctional 
nanomaterials such as quantum dots and ferroelectric nanoparticles, envisioning their 
potential applications including optical, electronic, photonic,46 magnetic,47 and 
biotechnological devices.48 
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Experimental Section 
Synthesis and Characterization of an Asymmetric Comb BCP: One Comb BCP with a high 
molecular weight was selectively used among a series of Comb BCPs synthesized in 
previous studies.  Molecular weight (MW) and polydispersity (PDI) were precisely measured 
by size exclusion chromatography (SEC) equipped with refractive index and light scattering 
detectors. The molecular weight of polystyrene arms chemically combined with the backbone 
polymer was measured by their selective cleavage with potassium hydroxide (KOH). The 
total molecular weight of Comb BCP, the composition ratio of the blocks, and polydispersity 
(PDI) were 510 kg mol-1, (A : C) : B = (100:3740) : 1000, and 1.08, respectively. The mol 
%/volume fraction ratio of the blocks was (A : C) : B = (2/0.05 : 77/0.54) : 21/0.41 (A : a 
short block of the backbone, B : a longer block of the backbone boned with short ester arms, 
C : polystyrene (PS) combs chemically linked to A) (Figure 52(a) and (b)).  
Evaporation-Induced Self-Assembly of the Com BCP Solution in the Wedge-on-Flat 
Geometry: A wedge lens made of aluminum and pristine silicon wafer were used for a 
restricted geometry setup as an upper and a bottom surface, respectively. The area of the 
sides of the upper wedge lens, A, was 1 × 1 cm2 (First panel in Figure 52(c)). Two kinds of 
the wedge lenses with different heights (i.e., H = 1.0 mm; Figure 53(a) and 0.5 mm; Figure 
62(a)). The bottom Si substrates were cleaned by a mixture of sulfuric acid and Nonchromix. 
Subsequently, they were vigorously rinsed with DI water and blow-dried with N2. The 
contact of wedge with Si was systemically made by a computer-programmable inchworm 
motor with a step motion at micrometer scale in a sealed chamber. The use of a sealed 
chamber was for minimizing air-convection flow and maintaining temperature constantly. An 
asymmetric Comb BCP was dissolved in toluene to prepare the Comb BCP toluene solutions 
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at concentrations, c = 0.25 and 0.5 mg mL-1. Subsequent purification of the solution was 
conducted with 0.2 µm hydrophobic membrane filters. The capillary-bridge of the Comb 
BCP toluene solution was formed in a confined wedge-on-flat geometry with evaporation 
rate highest at the edge of the capillary, as seen in Figure 52(c). 
Solvent Vapor Induced Surface Reconstruction: The Comb BCP surface structures formed 
on the Si substrate were exposed to tetrahydrofuran (THF) vapor for different durations in a 
sealed Teflon-made vessel to achieve microphase-separation of the Comb BCP. The volume 
of the receptacle was 29.4 cm3 and 10 µL THF soaked into a small piece of gauze placed in 
the receptacle. The numerical value of THF-vapor pressure, P, was calculated to be 22.9 N 
cm-2 based on the following equation, v   oVw/x (ms is the weight of THF placed into 
the receptacle, ms = 0.094 g, R is the gas constant, R = 8.314 N·m/mol·K, T is the 
temperature, T = 293 K, M is the molar mass, M = 72 g/mol, and V is the volume of the 
sealed receptacle, V = 29.4 cm3).49 
Evaluation of Comb BCP Surface Morphologies: The wedge and the Si substrate were 
taken apart after complete evaporation for 30min. Due to the upper slanted surface, only the 
patterns formed on the lower Si surface were thoroughly examined by the optical microscope 
(OM; Olympus BX51 in reflection mode) and atomic force microscopy (AFM; Dimension 
3100 scanning force microscope in tapping mode (Digital instrument)). BS-tap300 tips 
(Budget Sensors) with spring constants ranging from 20 to 75 N m-1 were used as scanning 
probes. The pattern surface was re-scanned over the identical position, Xn (n = 1-5) (Left 
panel in Figure 52(c)), in the same sample for comparison of surface morphologies before 
and after vapor annealing. 
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CHAPTER 10. GENERAL CONCLUSION 
The evaporative self-assembly of confined microfluids successfully directed toward 
the formation of highly ordered, complex surface patterns in a gradient fashion with 
promising potential for various practical applications. Using facile and systematic 
methodologies based on the restricted geometries for precisely regulating the evaporation 
process and the temperature gradient-induced convection, a great variety of materials, 
including semicrystalline polymers, binary polymer mixtures, conjugated polymers, 
nanoparticles, liquid crystals, biomolecules, and block copolymers, have been exploited and 
self-organized into well-defined, intriguing dissipative structures. The ability to delicate 
control over the shape of the contact line and evaporative flux represents a significant step 
toward the application of evaporative self-assembly as a surface-patterning tool in 
microelectronics, nanoelectronics, optoelectronics, photonics, and biotechnology. The 
investigation of this simple, cost-effective route to creating highly ordered structures will be 
continuously exciting and highly rewarding. Moreover, there should be no limitation on 
materials selection and many interesting properties of resulting patterns could be explored, 
including electrical and optical properties, photoconductivity, and thermoelectric properties. 
With easy access to complex multifunctional materials with hierarchical order and highly 
regular devices with low-cost fabrication, this technique truly represents a robust, 
inexpensive, and one-step method to produce complex yet ordered micro-to-nanometer scale 
structures for fundamental studies and many technological applications. 
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